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ABSTRACT

This report documents work carried out in the Materials Research Laboratory of the

Pennsylvania State University over the first year of a new ONR sponsored University

Research Initiative (URI) entitled "Materials for Adaptive Structural Acoustic Control." For
this report the activities have been grouped under the following topic headings:

1. General Summary Papers.

2. Materials Studies.

3. Composite Sensors.

4. Actuator Studies.

5. Integration Issues.

6. Processing Studies.

7. Thin Film Ferroelectrics.

In material studies important advances have been made in the understanding of the

evaluation of relaxor behavior in the PLZT's and of the order disorder behavior in lead

scandium tantalate:lead titanate solid solutions and of the Morphotropic Phase Boundary in this

system. For both composite sensors and actuators we have continued to explore and exploit

the remarkable versatility of the flextensional moonie type structure. Finite element (FEA)

calculations have given a clear picture of the lower order resonant modes and permitted the

evaluation of various end cap metals, cap geometries and load conditions. In actuator studies

inultilayer structures have been combined with flextensional moonie endcaps to yield high
displacement (50 g meter) compact structures. Electrically controlled shape memory has been

demonstrated in lead zirconate stannate titanate compositions, and used for controlling a simple

latching relay. Detailed study of fatigue in polarization switching compositions has

highlighted the important roles of electrodes, grain size, pore structures and microcracking and

demonstrated approaches to controlling these problems. For practical multilayer actuators a

useful lifetime prediction can be made from acoustic emission analysis.

New modelling of 2:2 and 1:3 type piezoceramic:polymer composites has given more

exact solutions for the stress distribution and good agreement with ultradilatometer

measurements of local deformations. Composites with 1:3 connectivity using thin wall ceramic

tubes appear to offer excellent hydrostatic sensitivity, unusual versatility for property control

and the possiblity to use field biased electrostrictors in high sensitivity configurations.

Processing approaches have continued to use reactive calcining and have supplied the group

with the wide range of ceramics used in these studies. For lead magnesium niobate:lead



ABSTRACT (continued)

titanate solid solutions grain, size effects in samples of conmmerical purity have been traced to a

thin (-20 n meter) glassy layer at the grain boundary. In parallel with the ONR URI the

laboratory has extensive DARPA and Industry sponsored research on ferroelectric thin films, a

very short selection of most relevant papers has been included for the convenience of users.
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30

-'It



MATERIALS FOR ADAPTIVE STRUCTURAL
ACOUSTIC CONTROL

Period February 1, 1992 to January 31, 1993

Annual Report

VOLUME II

OFFICE OF NAVAL RESEARCH
Contract No. N00014-92-J-1510

APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLIMITED

Reproduction in whole or in part is permitted for any purpose
of the United States Government

L. Eric Cross

PENNSTATEV
THE MATERIALS RESEARCH LABORATORY

UNIVERSITY PARK, PA



TABLE OF CONTENTS

ABSTRACT ................................................ 6

INTRODUCTION ............................................ 7

1.0 GENERAL SUMMARY PAPERS .......................... 10

2.0 MATERIALS STUDIES ................................ 10

3.0 SENSOR STUDIES ................................... 12

4.0 ACTUATOR STUDIES ................................. 13

5.0 INTEGRATION ISSUES ................................ 14

6.0 PROCESSING STUDIES ............................... 14

70 THIN FILM FERROELECTRICS ......................... 15

8.0 HONORS AND AWARDS .............................. 15

9.0 APPRENTICE PROGRAM .............................. 17

10.0 PAPERS PUBLISHED IN REFEREED JOURNALS ............. 18

11.0 INVITED PAPERS PRESENTED AT NATIONAL AND
INTERNATIONAL MEETINGS ........................... 21

12.0 INVITED PRESENTATIONS AT UNIVERSITY, INDUSTRY
AND GOVERNMENT LABORATORIES ..................... 23

13.0 CONTRIBUTED PAPERS AT NATIONAL AND
INTERNATIONAL MEETINGS .......................... 24

APPENDICES

General Summary of Papers

1. R. E. Newnham, "Memories of Arthur Von Hippel," Ferroelectrics 137, 17 (1992).

2. C. Rosen, B. V. Hiremath and R. E. Newnham, "Piezoelectricity," American Inst. of
Physics, New York (1991).

3. R. E. Newnham, "Ferroelectric Sensors and Actuators Smart Electroceramics,"
Ferroelectric Ceramics, Editor N. Setter, Proc. of Summer School on Ferroelectrics,
Ascona (1991).

4. R. E. Newnham, "Smart Electroceramics in the 1990's and Beyond," J. European
Ceramic Soc. (1992).

5. V. Sundar and R. E. Newnham, "Electrostriction and Polarization," Ferroelectrics 1
431 (1992).



Materials Studies

6. J. R. Giniewicz, A. S. Bhalla and L. E. Cross, "Identification of the Morphotropic
Phase Boundary in Lead Scandium Tantalate-Lead Titanate Solid Solution System."

7. J. R. Giniewicz, A. S. Bhalla and L. E. Cross, "Variable Structure Ordering in Lead
Scandium Tantalate-Lead Titanate Materials."

8. J. R. Giniewicz, A. S. Bhalla and L. E. Cross, "Lead Scandium Tantalate:Lead
Titanate Materials for Field Stabilized Pyroelectric Device Applications," Ferroelectrics
Letters 14, 21 (1992).

9. A. S. Bhalla, R. Guo, L. E. Cross, G. Burns, F. H. Dacol and R. R. Neurgaonkar.
"Glassy Polarization in the Ferroelectric Tungsten Bronze (BaSr) Nb 20 6," J. Appl.
Phys. 21 (11), 5591 (1992).

10. J. S. Yoon, V. S. Srikanth and A. S. Bhalla, "The Electrical Properties of
Antiferroelectric Lead Zirconate-Ferroelectric Lead Zinc Niobate Ceramics with
Lanthanum," Proc. ISAF 1992, Greenville, South Carolina, pp. 556.

11. E. F. Alberta, D. J. Taylor, A. S. Bhalla and T. Takenaka, "The DC Field Dependence
of the Piezoelectric, Elastic and Dielectric Constants for a Lead Zirconate Based
Ceramic," Proc. ISAF 1992, Greenville, South Carolina, pp. 560.

12. W. Cao and L. Eric Cross, "'The Ratio of Rhombohedral and Tetragonal Phases at the
Morphotropic Phase Boundary in Lead Zirconate Titanate," Japan Journal of Applied
Physics 31 (Pt. 1, No. 5A), 1399 (1992).

13. C. A. Randall, M. G. Matsko, W. Cao and A. S. Bhalla, "A Transmission Electron
Microscope Investigation of the R3m - R3c Phase Transition in Pb(ZrTi)03 Cerarmcs,"
Solid State Comm. BI (3), 193 (1993).

14. Shaoping Li, Chi Yeun Huang, A. S. Bhalla and L. E. Cross, "90' Domain Reversal in
Pb(ZrxTil.x)O 3 Ceramics," Proc. ISAF 1992, Greenville, South Carolina.

15. Shaoping Li, Jyh Sheen, Q. M. Zhang, Sei-Joo Jang, A. S. Bhalla and L. E. Cross.
"Quasi Lumped Parameter Method for Microwave Measurements of Dielectric
Dispersion in Ferroelectric Ceramics," Proc. ISAF 1992, Greenville, South Carolina.

16. H. Wang, Q. M. Zhang, L. E. Cross and A. 0. Sykes, "Piezoelectric Dielectric and
Elastic Properties of Poly (Vinylidene Fluoride/Trifluorethylene)."

17. H. Wang, Q. M. Zhang, L. E. Cross and A. 0. Sykes, "Clamping Effect on
Piezoelectric Properties of Poly (Vinylidene Fluoride/Trifluoroethylene) Copolymers."

Composite Sensors

18. Ki-Young Oh, Yutaka Saito, Atsushi Furuta and Kenji Uchino, "Piezoelectricity in the
Field Induced Ferroelectric Phase of Lead Zirconate Based Antiferroelectrics," J. Amer.
Ceram. Soc. 75 (4), 795 (1992).

2



Composite Sensors (continued)

19. R. E. Newnham, Q. C. Xu, K. Onitsuka and S. Yoshikawa, "A New Type of
Flextensional Transducer," Proc. 3rd Int. Mtg. on Transducers for Sonics and
Ultrasonics (May 1992).

20. C. A. Randall, D. V. Miller, J. H. Adair and A. S. Bhalla, "Processing of
Electureramic-Polymer Composites Using the Electrorheological Effect," J. Mat. Res.
. (4), 1 (1993).

21. C. A. Randall, S. Miyazaki, K. L. More, A. S. Bhalla and R. E. Newnham,
"Structural-Property Relations in Dielectrophoretically Assembled BaTiO 3
Nanocomposites," Materials Letters .1, 26 (1992).

22. C. A. Randall, S. F. Wang, D. Laubscher, J. P. Dougherty and W. Huebner,
"Structure Property Relations in Core-Shell BaTiO3:LiF Ceramics," J. Mat. Res.
fin press).

23. C. A. Randall, G. A. Rossetti and W. Cao, "Spacial Variations of Polarization in
Ferroelectrics and Related Materials."

24. Jayu Chen, Qi Chang Xu, M. Blaszkiewicz, R. Meyer, Jr. and R. E. Newnham, "Lead
Zirconate Titanate Films on Nickel-Titanium Shape Memory Alloys: SMARTIES,"
J. Amer. Ceram. Soc. 75 (10), 2891 (1992).

Actuator Studies

25. D. Damjanovic and R. E. Newnham, "Electrostrictive and Piezoelectric Materials for
Actuator Applications," J. Intell. Mat. Syst. and Struct. 3, 190 (1992).

26. Y. Sugawara, K. Onitsuka, S. Yoshikawa, Q. C. Xu, R. E. Newnham and K.
Uchino, "Metal-Ceramic Composite Actuators," J. Amer. Ceram. Soc. 75 (4), 996
(1992).

27. Q. C. Xu, A. Dogan, J. Tressler, S. Yoshikawa and R. E. Newnham, "Ceramic-Metal
Composite Actuators," Ferroelectrics Special Issue.

28. K. Uchino, "Piezoelectric Ceramics in Smart Actuators and Systems," Proc. 1st
European Conference on Smart Structures and Materials.

29. A. Furuta, Ki-Young Oh and K. Uchino, "Shape Memory Ceramics and Their
Application to Latching Relays," Sensors and Materials 3 (4), 205 (1992).

30. K. Uchino and A. Furuta, "Destruction Mechanisms in Multilayer Ceramic Actuators,"
Proc. ISAF 1992, Greenville, South Carolina, pp. 195.

31. Q. Jiang, Wenwu Cao and L. E. Cross, "Electric Fatigue Initiated by Surface
Contamination in High Polarization Ceramics," Proc. ISAF 1992, Greenville, South
Carolina, pp. 107.

32. Q. Jiang, Wenwu Cao and L. E. Cross, "Electric Fatigue in PLZT Ceramics."

3 ONR 1992 Annual Report



Integration Issues

33. Wenwu Cao, Q. M. Zhang and L. E. Cross, "Theoretical Study on the Static
Performance of Piezoelectric Ceramic-Polymer Composite with 1-3 Connectivity," J.
Appl. Phys. 72 (12), 5814 (1992).

34. Q. M. Zhang, Wenwu Cao, H. Wang and L. E. Cross, "Characterization of the
Performance of 1-3 Type Piezocomposites for Low Frequency Applications," J. Appl.
Phys. 73 (3), 1403 (1993).

35. Q. M. Zhang, Wenwu Cao, H. Wang and L. E. Cross, "Strain Profile and
Piezoelectric Performance of Piezocomposites with 2-2 and 1-3 Connectivities," Proc.
ISAF 1992, Greenville, South Carolina, pp. 252.

36. Q. M. Zhang, H. Wang and L. E. Cross,."Piezoelectric.Tubes and.1-3 Type Tubular
Composites as Tunable Actuators and Sensors."

37. Q. M. Zhang, H. Wang and L. E. Cross, "Piezoelectric Tubes and Tubular Composites

for Actuator and Sensor Applications."

Processing Studies

38. Thomas R. Shrout and Scott L. Swartz, "Processing of Ferroelectric and Related
Materials: A Review."

39. G. A. Rossetti, D. J. Watson, R. E. Newnham and J. H. Adair, "Kinetics of the
Hydrothermal Crystallization of the Perovskite Lead Titanate," J. Crystal Growth 1L6,
251 (1992).

40. A. V. Prasadarao, U. Selvar,•,- S. Komarneni and A. S. Bhalla, "Sol-Gel Synthesis of
Ln2(Ln = La, Nd) Ti207," J. Mat. Res. 7 (10), 2859 (1992).

41. A. V. Prasadarao, U. Selvaraj, S. Komarneni and A. S. Bhalla, "Sol Gel Synthesis of
Strontium Pyroniobate and Calcium Pyroniobate," J. Amer. Ceram. Soc. 27. (10).
2697 (1992).

42. A. V. Prasadarao, U. Selvaraj, S. Komarneni and A. S. Bhalla, "Fabrication of
La2Ti20 7 Thin Films by A Sol-Gel Technique," Ferroelectrics Letters L4_, 65 (1992).

43. S. F. Wang, U. Kumar, W. Huebner, P. Marsh, H. Kankel and C. G. Oakley, "Grain
Size Effects on the Induced Piezoelectric Properties of 0.9 PMN-0. IPT Ceramic,'
Proc. ISAF 1992, Greenville, South Carolina, pp. 148.

44. C. A. Randall, A. D. Hilton, D. J. Ba:ber apd T. R. Shrout, "Extrinsic Contributions
to the Grain Size Dependence of Relaxor Ferroelectric Pb(Mgl/3Nb2/3)O3.PbTiO3
Ceramics," J. Mat. Res. 8 (4) (1993).

45. B. V. Hiremath, R. E. Newnham and L. E. Cross, "Barrier Layer Capacitor Using
Barium Bismuth Plumbate and Barium Plumbate," J. Amer. Ceram. Soc. 75 (11),
2953 (1992).

46. U. Kumar, S. F. Wang, S. Varanasi and J. P. Dougherty, "Grain Size Effects on the
Dielectric Properties of Strontium Barium Titanate," Proc. ISAF 1992, Greenville.
South Carolina, pp. 55.

4



Processing Studies (continued)

47. U. Kumar, S. F. Wang and J. P. Dougherty, "Preparation of Dense Ultra-Fine Grain
Barium Titanate-Ba5-d Ceramics," Proc. ISAF 1992, Greenville, South Carolina,
pp. 70.

Thin Film Ferro,.ectrics

48. J. Chen, K. R. Udayakumar, K. G. Brooks and L. E. Cross, "Dielectric Behavior of
Ferroelectric Thin Films at High Frequencies," Proc. ISAF 1992, Greenville, South
Carolina, pp. 182.

49. K. Uchino, N-Y. Lee, T. Toba, N. Usuki, H. Aburatani and Y. Ito, "Changes in the
Crystal Structure of RF-Magnetron Sputtered BaTiO 3 Thin Films," J. Chem. Soc.
Japan 1Q0 (9), 1091 (1992).

50. R. E. Newnham, K. R. Udayakumar and S. Trolier-McKinstry, "Size Effects in
Ferroelectric Thin Films," Chemical Processing of Advanced Materials, Edited by
Larry L. Hench and Jon K. West, John Wiley and Sons, Inc. (1992).

51. S. Trolier-McKinstry, H. Hu, S. B. Krupanidhi, P. Chindaudom, K. Vedam and
R. E. Newnham, "Spectroscopic Ellipsometry Studies on Ion Beam Sputter Deposited
Pb(Zr, Ti)0 3 Films on Sapphire and Pt-Coated Silicon Substrates."

5 ONR 1992 Annual Report



MATERIALS- STUDIES
(continued)



APPENDIX. 16



PIEZOELECTRIC, DIELECTRIC, AND ELASTIC PROPERTIES OF

POLY(VINYLIDENE FLUORIDE•nRFLUOROETHYLENE)

H. Wang, Q. M. Zhang, and L. E. Cross

Materials Research Laboratory

The Pennsylvania State University

University Park, PA 16802

A. 0. Sykes

Acoustical Research and Applications

Vienna, VA 22180

The complete piezoelecuric coefficient, dielectric constant, and elastic compliance

matrices have been determined on poly(vinylidene fluoride/trifluoroethylene) (PVDF-TrFE)

(75/25) copolymer at room temperature and a frequency of 500 Hz. The temperature

dependence of each of the complex piezoelectric coefficients and complex dielectric

constants has been measured in the temperature range of -100 - 65 oC. The frequency

dependence of these coefficients has also been measured at room temperature. It is found

that the relaxation observed in the tensile piezoelectric coefficients of this material is

different from that of the dielectric constants, whereas the relaxation of the piezoelectric

shear constants shows behavior similar to that of the dielectric constants.

PACS numbers: 77.60. +v, 77.20. +y.
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INTRODUCTION

Polyvinylidene fluoride (I-VDF) and its copolymers with trifluoroethylene(TrFE) or

tetrafluoroethylene (TFE) have become important piezoelectric materials for transducer

applications. Compared with inorganic piezoelectric materials, these materials have high

mechanical flexibility, low acoustic impedance, and can be easily molded into desirable

forms. The piezoelectric coefficients of the materials are higher compared with other

piezoelectric polymeric materials. In the past two decades, a large number of investigations

have been conducted to improve the performance and to explore the physical bases of

piezoelectricity and ferroelectricity of these materials. 14

Like other piezoelectric materials, the linear coupling of mechanical and electrical

effects of PVDF and its copolymers is described by the constitutive equations. These

equations contain the piezoelectric, dielectric, and elastic coefficients which a&. all

important material parameters for both device design and fundamental understanding of the

materials. For a stretched and poled PVDF-type polymer, its symmetry properties belong

to point group mm2. The piezoelectric coefficient, dielectric constant, and elastic

compliance matrices have the forms of:

(0 0 0 0 do0
0 0 0 d24 0 0d3 t d3 2 d33 0 0

(K11  0 0~
o K2 2  0
o 0 K33)

5s11 s12 s13 0 0 0
S12 S22 S23 0 0

and s13 s23 s33 0 0 0
an 0 0 S44 0 0

0 0 0 s5 0
0 0 0 0 0 s66"

where the coordinate axis I refers to the polymer chain di ction (stretch direction), 3 the

poling direction, and 2 the axis orthogonal to I and 3 axes. Experimental evidence has
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shown that these cocfficients vary with polymer processing methods even for samples with

the same composition and the same measuring conditions. For the purpose of application

and fundamental understanding of these materials, it is desirable to establish a complete

data base to characterize all these properties on samples with similar processing conditions.

However, as can be seen in table I, which presents the typical experimental results for

piezoelectric, dielectric, and compliance coefficients of PVDF materials available in the

literature. in spite of extensive investigations in the past, the characterization of the

materials, especially copolymers, is far from being complete. For example, although the

piezoelectric tensile coefficients, especially d31 , have been studied extensively using

quasistatic methods, there is little information about the imaginary pan of these coefficients.

Furthermore, few measurements of the shear coefficients have been made. The experiment

results from various groups differ significantly and they cannot be used to consistently

describe the physical properties of the materials.

In this paper, the experimental results from recent studies on a P(VDF-TrFE)(75/25)

copolymer are presented. The matrix elements of the piezoelectric, dielectric, and elastic

compliance coefficients have been measured at room temperature (22 OC) and a frequency

of 500 Hz. Both real and imaginary parts of the piezoelectric and dielectric constants were

measured over wide frequency and temperature ranges.

EXPERIMENTAL WORK

(1) Sample preparing

Poled P(VDF-TrFE) (75/25) copolymer plates purchased from Atochem North

America Inc. (Part No. A002335-00) were in two thicknesses of 0.5mm and 10 mm. From

these plates, test samples were cut into suitable shapes and sizes for measuring the

dielectric, piezoelectric, and elastic compliance constants. Sampies for the measurements of

the tensile piezoelectric coefficients d3i (i=l, 2, and 3) and dielectric constant K33 were cut

from 0.5 mm thick plate while samples for the measurements of the shear piezoelectric
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coefficients d15 and d24 and dielectric constants K II and K22 were cut from 10mm thick

plate. For elastic compliance measurements, samples were made into square rods from the

10 mm thick plate with their length along the direction in which the measurement was

made.

(2) Measurement details

Complex piezoelectric coefficient, dielectric constant and elastic compliance ame

defined as following: 5

dij= d'ij -j d"ij

Kii = K',i -j K"i1  (1)

Sjk = S'jk -j S"jk

where i =1, 2, 3, and j, k -1, 2, ..., 6.

The piezoelectric coefficients were measured by utilizing a laser ultra-dilatometer. 6

Making use of the converse piezoelectric effect, strain xj induced by an alternating electric

field Ei was measured and the piezoelectric coefficients were determined by
ax.

dij -- E IT.,O (2)

Depending on the coefficient to be measured, either the single beam or double beam laser

dilatometer was used. 7 As demonstrated previously, 8 the system is capable of detecting

both the amplitude and phase angle of the field induced strain, thus yielding the real and

imaginary part of the piezoelectric strain coefficients.

It should be pointed out that in general, for piezoelectric constant measurement, the

quantity determined from the direct piezoelectric effect is Aia•T , where Ai is the area of

the electrodes in the unstrained sample with its normal along i direction, Qi the charges on

the electrodes, and T the stress applied on the sample. It can be shown that
aQi aD. DO) Ail

A T1 =- -- % (3)
Ai•TrjE aTj E Ai3Ti E
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where D is the electric displacement. The first term on the right hand side of the equation is

the di) defined in IEEE standard. 9 For conventional piezoelectric ceramics, the second term

on the right hand side is much smaller than the first term and therefore the quantity

measured from the direct piezoelectric effect is practically equal to dij. However, for

polymeric piezoelectric materials, the second term is not negligible. It can also be shown

that the piezoelectric strain coefficients dij determined from the converse effect (Eq. (2)) is

equal to the right hand side of Eq. (3).3 Hence, the direct effect and converse effect yield

the same piezoelectric constants, and in practice, they are the physical parameters of

interest.

A capacitance bridge (General Radio) was used to measure the dielectric constants.

For K33, an impedance analyzer(HP) was used to carry out the measurement at higher

frequencies.

In the piezoelectric and dielectric constant measurements, temperature was regulated

by a microminiature refrigerator system (MMR Technologies Inc.). The temperature

variation throughout the measurement was less than 0. 1 K.

The principal diagonal components of the elastic compliance matrix were measured by

a dynamic compliance measuring apparatus (DCA), developed at Acoustical Research and

Applications. The off-diagonal components were measured by using the DCA in

conjunction with the double beam laser interferometer. The DCA, shown in Fig. 1,

consisted of a massive stiff frame, a calibrated piezoelectric displacement generator and a

force gage. Both the generator and the force gage were rigidly attached to the frame,

between which a sample of the material to be tested can be inserted.

RESULTS AND DISCUSSION

The results of the complex piezoelectric, dielectric, and elastic constants on P(VDF-

TrFE) (75/25) samples acquired at room temperature and a frequency of 500Hz are

presented in the column I of table I for comparison with those from the literature. To our
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knowledge, this set of piezoelectric, dielectric, and compliance coefficient data is the most

complete currently available for any PVDF copolymeric materials.

To avoid the possible clamping effect of the two ends of the sample rods inserted in

the DCA on the measured elastic compliance, samples with length to width ratio (aspect

ratio) of 10 were used. All the measurements were repeated several times and the data can

be reproduced within 5 %. To further confirm that the end clamping effect is negligible

here, we also performed the measurement with samples of aspect ratio of 5 and the results

are basically the same as those acquired from the samples with aspect ratio of 10. For a

piezoelectric material, its elastic compliance can also be measured by piezoelectric

resonance technique. For the copolymer samples, S3 1E was also measured by utilizing the

resonance technique and the result was consistent with that from the DCA.

Shown in Fig. 2 and Fig.3 respectively are the temperature dependences of the

piezoelectric and dielectric constants at a frequency of 500Hz. The measured Curie

temperature of this material is 115 OC. These results reveal several interesting features. In

contrast to drawn PVDF, which is very anisotropic piezoelectrically in the plane

perpendicular to the poling direction, and for which d31 and d32 exhibit very different

magnitudes and temperature dependences, very small difference in magnitude and

temperature dependence were observed between d31 and d32 for this copolymer. The

piezoelectric constants d3l and d32 increase with temperature much faster than d33, d15,

and d24. Additionally, higher losses were measured. On the other hand, the dielectric

constants along three axes exhibit nearly identical temperature dependences.

For PVDF and its copolymers, experimental evidence has shown that the mesoscopic

morphology is that of crystalline larnellae embeded in an amorphous region of disordered

polymer chains. Hence, the piezoelectric response is governed by the mechanically

induced change of the mechanical and electrical fields distribution within the amorphous

and crystalline regions. It has been proposed that there are two major contributions to the

piezoelectric response in these materials: the intrinsic change of polarization (biased
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electrostriction effect), and the change of the sample dimensions while electric moments are

fixed (dimensional effect). The dimensional eftect contribution was calculated by using a

model of dipoles dispersed in an amorphous medium.4 For example, the dimensional

contribution to d33 , from this model, is -Prs 3 3, where Pr is the remanent polarization and

S33 is the elastic compli.'nce. Pr measured for this sample is 5.4 gC/cm 2 , hence, the

dimensional effect contribution to d33 is - 16.2 pC/N, which is about 50 % of the total d33.

However, for the sheur components, this contribution is extremely large when calculated

using this model. For example, the dimensional effect contribution to d15 is -520 pC/N. If

the model is correct the contributions from the intrinsic and dimensional effects are in

opposite signs in shear constants and they almost cancel out, resulting in a small total

coefficient.

For PVDF homopolymer there usually exist three relaxation processes associated

with different types of segment motion in the material. The a relaxation occurs at

temperature above 55 OC, 03 near -40 oC, and y near -70 oC. Previous studies have shown

that a relaxation is associated with molecular motion in crystalline regions of a-phase, the

13 relaxation with the segment motion in the amorphous regions and hence signifies the

glass transition, and the y relaxation with local motion in the amorphous regions. For this

P(VDF-TrFE) (75/25) copolymer, only 13 relaxation was observed at temperature around -

30 "C. This together with the x-ray diffraction data10 indicate that the crystalline phase in

this copolymer is 13-phase. The interesting feature is that the loss peaks related to the P3

relaxation in the dielectric curves are about 20 degrees higher than those in the tensile

piezoelectric coefficient curves, i. e., the dielectric loss peaks are at about -20 °C while the

loss peaks in the tensile piezoelectric coefficients ame at -40 oC. More interestingly, the loss

peaks in the shear piezoelectric coefficient curves are almost at the same temperature as

those of the dielectrics.

Fig. 4 shows the frequency dependence of the dielectric constant K33. The relaxation

observed near I MHz in the K33 spectrum is associated with 0-relaxation, as has been
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identified from the earlier studies on the PVDF homopolymer. t KII and K22 were

measured in the frequency range from 100 Hz to 100 KHz and their dependences on

frequency are similar to that of K3 3 . No frequency dispersion was observed for

piezoelectric d constants in the range of l00Hz-5KHz.

In conclusion, the complete piezoelectric coefficient, dielectric constant, and elastic

compliance matrices have been determined on P(VDF-TrFE) (75/25) copolymer at room

temperature and a frequency of 500 Hz. The frequency and temperature dependences of all

five complex piezoelectric coefficients as well as three complex dielectric constants have

been characterized.
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FIGURE CAPTIONS

Fig. I Schematic drawing of the Dynamic Compliance Apparatus.

Fig. 2 Piezoelectric strain coefficients as functions of temperature.

Fig. 3 Dielectric constants as functions of temperature.

Fig. 4 Dielectric constant K33 as function of frequency.
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TABLE I The Piezoelectric, Dielectric, and Elastic coefficients of PVDF-Type Materials

(Unit: d-pC'N; s-x 10 0m 2/N)

Properties P(VDF-Ti U"E) DRAWN PVDF P(VDF-TrFE) P(VDF'TFE)
(75/25)

.d'31 10.7 12 .5 b 2 1e, h, k 28C, f 16 .8a 9 .8a I 1.6d
d"31 0.18 0.4b
d'3 2  10.1 2 .3 h. k 1.5 e 2 c 4 .8f2.2a
d"32 0.19
d'33 -33.5 -2 6 n -3 2 .5 e -17.4f -28i - 14.8a -30 - -44n
d"33 -0.65
d'1 5  -36.3 -27e
d" 15 -0.32
d' 2 4 -40.6 -2 3 e
de"24 -0.35
K'j 1  7.40 6.91
K"11 0.07
K' 22  7.95 8.61
K" 22  0.09
K' 33  7.90 13m 7.61 6.2d 16n 15.1b 19g ]0.4-15.4n 10I
K" 33  0.09 0.24b 1.5.

Sl 1 3.32 3.65P 3.30 5.9a 2 .5 f
s"I1 0.10
s'22 3.24 4.24P 2.3r
S"22 0.07
s'33 3.00 4.72P
S"33 0.07
S112 -1.44 .i. 1 0 p
s'i 3 -0.89 .2.0 9 P
S'23 -0.86 - 1.92P

s'44 94.0
S"44 2.50
s555 96.3
S"55 2.33
S'66 3.76

a reference I

b reference 10
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In hydrophone application. PVDF and its copolymers provide high sensitivity beciut' ,,I

high piezoelectric voltage coefficient g9 and large figure of merit dhgb. By using metal plitt!- x,

electrode, samples can be mechanically clamped in the plane perpendicular to the polar difek ... 1

and the transverse piezoelectric responses can be almost elimbiated. Compared with non-cl~uni,'d

samples, the hydrostatic coefficient db as well as gb of clamped samples can be inctctctcd

significantly. In this work , the temperature and pressure dependence of dh, gh- and Ofieek IIit

constant of clamped P(VDF-TrFE) (75/25) copolymer are hivestigated. The ettect', iit thlt "1111,1lct

dunensions and other parameters on the clamping are studied. Based on the constittitive utill;ll..

the expressions for effective piezoelectric strain coefficient d(iC (i=l, 2, and 3) of a; cla:lpt]d

sample are derived, and the hydrostatic strain coefficient di, derived from the direct iwt,, Ilt-

converse piezoelectric effects are compared. The experimental results are bi good apreeinew A tift

the calculations.



INTRODUCTION

In hydrophone applications, piezoelectric materials are used as a sensor of hydrostatic

pressure wave. The sensitivity of a hydrophone is measured by the piezoelectric voltage coefficient

gh(=g31+g32+g33), the strain coefficient dh(=d31+d32+d33), and most importantly the figure of

merit dhgh of the material. The coefficient gh is defined as the ratio of electric field to the change of

hydrostatic pressure, while dh is the ratio of charges induced on a sample to the change of

hydrostatic pressure. The relationship of these two coefficients is as follow:

= dh (1)
-O033

where C33 is the dielectric constant along the polar direction and Co is the free space permittivity.

Recently, polyvinylidene fluoride (PVDF) and its copolymers with trifluoroethylene

(P(VDF-TrFE)) have attracted increasing attention for hydrostatic applications.1- 3 Although the

magnitude of the piezoelectric strain coefficient d33 of PVDF is almost one order lower than those

of conventional piezoelectric ceramics, such as lead zirconia titanate, its dh coefficient is about the

same order. Moreover, because of the significantly lower dielectric constant, the piezoelectric

voltage coefficient gh of PVDF polymer is much higher, thus resulting in a higher hydrostatic

figure of merit dhgh. The relatively low acoustic impedance of PVDF type materials closely

matches that of water and, therefore, allows good acoustic coupling from the polymers into water

and vice versa. PVDF type materials also possess several other advantages over conventional

piezoelectric ceramics such as, mechanical flexibility, low cost, and the ability to be formed into

different shapes easily.

Since the cancellation between the longitudinal(d33) and the transverse(d 3 l and d32)

piezoelectric responses reduces dh value, it is conceivable to increase db by modifying the stress

distribution pattern in a sample so that one of these responses is significantly reduced while tPe

other is kept almost intact. For PVDF and its copolymers, because of their low elastic moduli

compared with metals, it is possible to clamp a sample in the plane perpendicular to the poling
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direction by using metal plates as electrodes to eliminate the hydrostatic responses from that plan.

As shown in Fig. 1, the pressure in the plane direction is borne mostly by the metal electrodes

which effectively shield the polymer from the pressure in that direction, resulting in a larger dh

value of the sample.

In this paper, the results of the recent investigations on the clamping effect of metal plates on

piezoelectric and dielectric responses of P(VDF-TrFE) (75/25) copolywer are I r.esented. The

experimental data are compared with the results derived from the constitutive relations. Several

parameters affecting the clamping effect are discussed. The temperature and pressure dependences

of these properties were also studied.

EXPERIMENTAL WORK

P(VDF-TrFE) (75/25) poled samples were provided by Atochem North America Inc..

Samples of two different thicknesses were used to study the influence of thickness ratio of

polymer to metal plate on the clamping effect. As shown in Fig. 1, the thickness of the metal

plates (brass) tb was fixed at 0.17 mm for all the samples. For copolymer, the two thicknesses

(tP) were 0.5 mm and 2.0 mm, respectively. The 0.5 mm. thick copolymers were directly from

extrusion and the 2.0 mm thick ones were made by bonding four layers of 0.5 mm thick

copolymer together using non-conductive epoxy. The total thickness of samples was, therefore,

2tb+tP. For comparison, copolymer samples without metal plates were also studied. For these

samples, silver ink was used for electrodes.

A laser interferometer was employed to measure the longitudinal and the transverse strains

xiP (i=l, 2, and 3; the superscript p refers to the strain in copolymer) induced by an electric field.

The effective piezoelectric coefficient d3ic (i=l, 2, and 3) of a sample was determined through

cw
converse piezoelectric effect, that is, d13i= E', where E3 is the applied electric field. For a
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piezoele,.Lric material with free boundary condition, the hydrostatic piezoclectric coefficient dh can

be determined through its tensile coefficients, i.e., dh=d33+ d 31+ d31 . However, for clamped

samples, the dh coefficient determined from the converse piezoelectric effect is not equal to that

obtained from the direct effect. Hence, dh was also measured through the direct piezoelectric effect

in which electrical charges induced on electrodes were measured when a sample was subjected to a

hydrostatic pressure. The dielectric constants were measured by a capacitance bridge (General

Radio). A micromniniature refrigerator system (MMR Technology Inc.) was used to provide the

temperature regulation for the temperature dependance of the piezoelectric and dielectric constants

measurements.

CLAMPING EFFECT ON PIEZOELECTRIC COEFFICIENTS

f1) Tensile coefficients

When an electric field along the 3-direction is applied to a clamped sample, as schematicaly

drawn in Fig. I, a strain field is induced in the polymer. Clearly, the brass electrodes tend to

reduce this strain field, and this effect is equivalent to having external stresses TIP and T 2P applied

on the polymer in the plane perpendicular to the poling direction. It is assumed in the following

discussion that T1P and T 2P are uniform in the polymer. From the constitutive equations, when

subjected to an electric field E3 , a clamped polymer sample has strains

xl=d 3lE3 + 1 T+ s 2  (2a)

X2=d 3 TE3  + s T'T2 (2b)

p- d3E 3 + s3T + sP3TP (2c)

where sP is the elastic compliance, d is the piezoelectric strain coefficient of the polymer under

stress free condition. The superscript p refers to copolymer. In the above equations it is assumed

that d31--d32, st 1=S22, and s13=s23 because the piezoelectric and elastic anisotropies in the plane
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perpendicular to the poling direction of this material are very small. 4 The effective piezoelectric

strain coefficient d3ic of a laterally clamped sample can be defined by the following equation:

x_= dcE 3  (i=l, 2, 3) (3)

For a given electric field, the three effective tensile coefficients are not independent. They are

related by the following equation:
S 13 (d3 1 +4 d-2 2d 3 ()

d33 = d 3+ 4
Sll+SL2

To derive d3ic from Eqs. (2) and (4), it is necessary to find the expressions of TIP and T2P,

which depend upon the properties of the polymer and the brass. In this composite configuration of

sample, two conditions can be used. The first one is the static equilibrium condition. From

Newton's third law, the total force exerted on the polymer by the brass plates is equal in magnitude

and opposite in sign, respectively, to that on the brass plates by the polymer. This can be

expressed as follows:
P b bTpt = .2Tbtb (5a)

TtzP= -2T 2 t (5b)

where the superscript b refers to the brass electrodes, tP and tb are the thicknesses of the polymer

and the brass plate, respectively. The lateral strains in the brass plates induced by the stress field in

the brass plates are
b b b b b

xI= s 1T1 +S 12T 2

b b b b b
x2= s + 1 T2 (6b)

The second condition is the equal strain relation which states that the lateral strains in the two

materials should be equal, that is
b X (7a)

b 2 (7b)
X2 =5
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It will be shown later that Eqs. (7) are valid only when the electrode dimensions along I and 2

directions are much greater than the thickness of the polymer. Solving these equations, we can

obtain: C C d3l
d 31 = d 32 - I + (8 )

S+2(Sl,+S~l2)
b b

where -y =tP/tb is the thickness ratio. Using Eq. (4), the expression for d33c can be found. From

Eq. (8), it is clear that the reduction of d3 1c and d32c can be adjusted through two parameters: the

thickness ratio y and the elastic compliances ratio of the polymer to the brass plate. To effectively

eliminate d3tc and d32c, a smaller y and metal plates with high elastic moduli are preferred. Also

form the Eq. (8), clamping is more effective for polymers with smaller Poisson's ratio.

(2) Hydrostatic strain coefficient dh

Similar to normal piezoelectric materials, the effective hydrostatic piezoelectric strain

coefficient dhc of a clamped sample is
dh= (d 3 + d 1 +d (9)

Using the results from the preceding section, the hydrostatic strain coefficient under clamping

condition is obtained as following:

dh= d33+d 3t,, I bs Ds-4s 3  (
bf~ 11+b + p( pt+

For a sample under clamping condition, the effective tensile coefficients d3iC(i=l,2, and 3) derived

above through the converse effect are not equal to those derived through the direct efiect. So the

effective hydrostatic strain coefficient determined by Eq. (10) is not the same as that determined by

the direct effect. For the direct effect, dh can be measured directly without measuring individual

tensile coefficients. For comparison, the expression for effective hydrostatic piezoelectric

coefficient of a clamped sample derived through the direct effect is given below:
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b b p b
d= d 2(b+2)(s b+ s 2) - 4(s 13- S 12)dh= d33+d31 b .... b (1:P

Y(s11 + s 12 + 2(s 1 + s D

The derivation of Eq. (11) is similar to that of Eq. (10). Apparently, the measured results from the

two effects, in general, are not equal when a sample is clamped. The difference of d4 value

between the two effects is
b b

d1 b4sjj+ 8512 (12)drb b p

Obviously, the more effective the clamping, the bigger the difference. For free samples, there is no

such difference. For the samples investigated, this difference is about 0.2d31=2.IpCIN, which

is not very significant. The parameters used in this calculation are listed in table L

RESULTS AND DISCUSSIONS

(1) Piezoelectric strain coefficients

The transverse piezoelectric responses of a clamped sample depend on the lateral

dimensions of the sample. Shown in Fig. 2 (a) and (b) are the dimension dependence of d31 and

d32 for two different thickness ratios of y-3 and y-12, respectively. In these measurements, d3 1c (

or d329) was measured as a function of the sample dimension along 1 ( or 2 ) direction while the

other lateral dimension L2( or LI) was kept constant. As the lateral dimensions increase. d31 and

d32 decrease rapidly. This is the result of incomplete clamping of the polymer by the brass

electrodes. When the thickness of the polymer sample tP, compared with the lateral dimension L,

is not small enough, the strains induced by an electric field will not be uniform. This is shown in

Fig. 3 (a). The clamping on the polymer by the brass plates is complete only when tP/L --> 0 and

the results derived in the previous sections are valid only under this condition. On the other hand,
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for large values of tP/L, the clamping is not very effective, and d3ic is still very close to d3i (i=l,

2, and 3).

Experimentally, the d31c and d32c values of the complete clamping can be obtained by

extrapolating the experimental curves of d3 1c and d32c versus the reciprocal of the sample length

(IAL) to the value at 1/L=O. These results are listed in Table 11 along with those calculated from Eq.

(8). When y-3, the experimental and calculated results are in good agreement. While for y =12.,

the agreement is less satisfactory. It is believed that this difference arises from the fact that for y

=12 the data points are far from complete clamping and the tP/L is four times bigger than that for y

=3. So the clamping is less effective. From Table U and Eq. (8), it is clear that clamping is more

effective for thinner polymer samples (smaller T value).

Longitudinal coefficient d33 of a clamped sample also depends on the lateral dimensions of

the sample. This can be seen from Eq. (4). When a sample is not fully clamped, d31c and d2c

change with the dimensions and are not equal to each other. The d33c values for a completely

clamped sample from the experiment and the calculation are also listed in the Table 11. The

agreement between the experimental result and the theoretical calculation is satisfactory.

Temperature dependence of effective tensile piezoelectric strain coefficients d31c (i=l, 2, and

3) of clamped sample (y= 3.0, and L= 9.0 mm) was measured at a frequency of 500 Hz through

the converse piezoelectric effect. From these results, the coefficient dhc as a function of

temperature is obtained and shown in Fig. 4. For comparison, the temperature behavior of dh

coefficient of a non-clamped sample measured at 500 Hz through the converse piezoelectric effect

is also presented in Fig. 4. Examination of the figure indicates that the clamping "hanges not only

the magnitudes of the tensile piezoelectric strain coefficients, but also their temperature behaviors.

For the non-clamped copolymer, dh does not change with temperature noticeably even though all

three tensile piezoelectric strain coefficients are significantly temperature dependent. In the

temperature interval studied, the dh for the non-clamped copolymer is in the range of 12-14 pC/N.
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For a clamped sample, the dh value at high temperature (-60 oC) is about twice of that of a non.

clamped sample. As the temperature is reduced, the difference in dh between the clamped and

non-clamped samples becomes smaller. At very low temperature, they become the same. This

kind of temperature behavior can be explained by Eqs. (8) and (10). The clamping effect becomes

less effective as the elastic compliances of the copolymer decrease while the elastic compliances of

the brass plates are practically unchanged in this temperature region. It is well known that for a

semicrystalline polymer, the elastic modulus changes greatly around the glass transition

temperature Ts(about -300C for this copolymer). 5 At the temperature well below TZ, a polymer

becomes stiffer and the clamping is less effective. So the dh value of the sample with the brass

plates approaches that of the unclamped sample. Although dh coefficient is more temperature

dependent for clamped samples, the curve is quite flat around the OC, which is the working

temperature of most underwater sensors. In this temperature region, the clamping is very

significant and dh value of a clamped sample is much higher than that of the non-clamped sample.

Shown in Fig. 5 are the pressure dependence of dh measured at the frequency of 50 Hz and

room temperature for both clamped and non-clamped copolymers through the direct piezoelectric

effect. It can be seen that for both clamped and non-clamped samples, dh decreases slightly with

pressure. For both kinds of samples, when the pressure was lowered back to one atmosphere, the

samples returned to their initial level of activity with no noticeable irreversible degradation.

It is noticed that for clamped samples, the difference between dh values measured through the

converse and the direct piezoelectric effects at room temperature is about 3.3pC/N which is greater

than predicted value(2.lpCIN) by Eq. (12). It is believed that there are two main sources causing

this error. (1) the calculated difference is for a sample with complete clamping, while the measured

difference is for a sample with incomplete clamping; (2) the systematic error in the measurement

between the two set-ups.
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(2) Dielectric constants

The temperature dependence of dielectric constant E33 for both non-clamped and clamped

samples are shown in Fig. 6. As seen from the curves, there is no noticeable difference between

them. For a piezoelectric material, the difference between the dielectric constants under stress free

and strain free conditions arises from its piezoelectricity. From the constitutive equations, this

difference is
T S

Eo(E33- £3) = d3 1e31 +d 32c32 + d 33P33  0I)

where the superscripts T and S refer to stress free and strain free conditions, respectively, and e is

the piezoelectric coefficient of the material. For PZT ceramics, the difference can be more than

100% due to their high electromechanical coupling coefficients. however, for piezoelectric

polymers, this difference is very small because of their relatively low piezoelectricity compared

with PZT. Calculated from the above equation, the difference is only about 5% for P(VDF-TrFE)

(75125). The dielecuic constant E33 of a ciamped sample measured here is not exactly srain free

dielectric constant E33S because the sample is only partially clamped in the 3-direction. Therefore, it

is not surprised that the dielectric constant of a clamped sample is experimentally almost the same

as that of a non-clamped sample.

(3) Hydrostatic Voltage Coefficient and Figure of Merit

The hydrostatic voltage coefficient gh can be obtained from the hydrostatic strain coefficient

dh and the dielectric constant C33 through Eq. (1). In Fig. 7, gh as a function of temperature for

both clamped and non-clamped samples is presented, where dh's are taken from Fig. 4. The

temperature behavior of gh for a clamped sample is much different from that of a non-clamped

sample due to the different dh and the almost-same dielectric constants. Even for non-clamped

samples, the gh value is about 180x 10 -3 Vm/N around temperature of OOC, which is two orders of

magnitude higher than those of PZT ceramics. 6 By mechanical clamping, both the magnitude and
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the temperature dependence of gh coefficient of the PVDF copolymer are further improved in a

wide range of temperature. The pressure dependence of gh is shown in Fig.8.

In Fig. 9, the hydrostatic figure of merit dhgh are shown for clamped and non-clampW.

samples as a function of temperature. Clearly, in operation temperature range of hydrostatic

applications (T>OOC), the clamping effect provides an effective means to significantly improve the

hydrostatic figure of merit of the copolymer.

In summary, Table III presents the room temperature hydrostatic figure of merit for both

non-clamped and clamped P(VDF-TrFE) copolymers along with their dielectric, piezoelectric

coefficients. For the comparison, the properties for commonly used PZT ceramics and 0-3

piezoceramic-polymer composite are also listed. It is obvious that the clamped PVDF copolymer

shows superior hydrostatic figure of merit.

CONCLUSIONS

Polarized PVDF and its copolymer are versatile materials which have shown to have excellent

piezoelectric properties. It is anticipated the application range of the materials will be further

broadened with continued research aimed at further improvement in basic material-performance

parameters. By mechanical clamping in the plane perpendicular to the poling direction, nearly all

the effective piezoelectric responses in that plane can be eliminated. As a result, the effective

hydrostatic response can be improved significantly. It is also shown that the dimension and the

elastic properties of both metal plates and copolymer can have great influence on the effectiveness

of this clamping effect. To improve the clamping, a smaller thickness ratio of polymer to metal

plate, a smaller aspect -atio (tP/L), and a large difference in the elastic properties between polymer

and metal plate are preferred.
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FIGURE CAPTIONS

Fig. 1. Schematic drawing of a clamped sample by metal plates.

Fig. 2. The effective transverse coefficients as a function of the lateral dimension of a

clamped sample.

Fig. 3. Deformation of a clamped sample under an Electric field. (a). Nonuniform

deformation; (b). uniform deformation.

Fig. 4. Hydrostatic dh coefficient as a function of temperature for non-clamped and clamped

samples.

Fig. 5. Pressure dependence of dh coefficient for non-clamped and clamped samples.

Fig. 6. Dielectric constant as a function of temperature for non-clamped and clamped

samples.

Fig. 7. Hydrostatic gh coefficient as a function of temperature for non-clamped and clamped

samples.

Fig. Pressure dependence of gh coefficient for non-clamped and clamped samples.

Fig. 9. The figure of merit dhgh as a function of temperature for non-clamped and clamped

samples.
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Table I Somec elastic, piezoelectric, and dielectric properties of P(VDF-TrFE)(75/25) and the elastic

compliances of the brass electrode.

Martial S ! S12 d3 . d33  £33 Reremnce
(x1-0.10 m2  ý m2/N) C pN) (pC/N) ......

PVDF-TrFE
(75/25) 3.32 -1.44 10.7 33.5 7.90 4
ellow Brss1

________ 0.097 -0.032 7

14



Table II The piezoelectric strain coefficients under complete clamping conditions.

"" d3 1c (pC/N) d31c (pC/) d33c (pCIN) d33c (pC/N)

calculated measured calculated measured

3.0 0.53 0.53 -24.75 -21

12.1 1.85 2.65 -26.00

15



Table III The hydrostatic piezoelectric properties of the P(VDF-TrFE) copolymer and some

other materials

"Material E33 dh gh dhgh

"P(VDF-TrFE) (75/25) ( io3 V 2 Reference

non-clamped 7.9 12.5 170 2125 this work
P(VDF-TrFE) (75/25)

clamped 7.4 19.5 275 5363 this work
PZT 4 .1300 4 4 17T 6
PZT 5 1690 21 2 42 6

0-3 composite of acrylic 54 67 2140 8
copolymer/PbTiO•3

16
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Piezoelectricity in (lie Field-Induced Ferroelectric Phase of Lead
Zirconaic-Based Antiferroelectrics

Ki-Young Oft, Yutaka Saito, Atsushi Furuta, and Kenji Uchino *

Department of Physics. Sophia University, Tokyo. Japan

The piezoelectric characteristics were investigated in the 0.9PbZrO,-0.IPbTiO) and 0.5PbZrO 1-0.5PbTiO,. The
field-induced ferroelectirk phase of the antiferroelectric piezoelectric resonances were observed by measuring the ad-
Pbs.,,Nho.@2 1(ZT9.6S 4Sfl0.),,Ti,1o*,,0, farnily. The electro- mittance (conductance and susccptance) variation with
mechanical coupling factors i. and k, were measured, and frequency, using an impedance analyzer (4192A, IHewlett-
the piezoelectric anisotropy was calculated. The piezoelec- Packard, Palo Alin. CA).
tricity was controlled easily by the applied electric field
pulse. The large piezoelectric anisotropy of these materials Ill. Results and Discussion
in comparison to that of conventional PZT piezoelectric
materials makes them very applicable for ultrasonic probes Figures 2 to 4 show the ficld-Versus-strain curves and
and surface acoustic wave filters. (Key, itords: lead zirconate piezoelectric resonance admittance curve-, for the fundamen-
titanate, piezoelectric properties, ferroclectrics, phases, elec- tal planar mode measured for various specimens belonging to
tric field.1 regions 11, Ill. and IV, respectively. The rcsonance character-

istics were measured after applying an clectric field pulse to

1. Introduction the specimnen. (Notice that the field was not applied continu-
ously to the specimen during measurement.) As shos% n inI I hAS been showk 111th1i the P oN A(rsn,1. - Fig. 2 lv = 0.063), the resonance and antiresonance peaks

TiJ1."O, WINZST) family casils' u ndervoes the phase Iran- appear when the applied field pulse exceeds 17.5 kV,/cm,
sition from antiferroelectrie ito ferroelectric under an applied %%hich is due to the induction of a ferroelectric phase. These
electric field. During this phase transition, this family shows peaks disappear when a -5.5 kV/cm field pulse is applied.
very incresting characteristics such as induced digital strain because the antiferroelectric phase is recovered, and appear
of large magnitude and shape memior,, effect. These charac- again when the field pulse exceeds - 10 kV/cm. These phe-
teristics and its applications %%ere already rcportcd.`' tHos%- nomena indicate that the piczoclcctricitv can be controlled
ever, the piezoelectric characteristics in the field-induced easily byan electric field pulse.
ferroclectric phase have not yet been icsfesigaited. 1t is ex- In controlling the piezoelectricity, the use of lead niagne-
peeled that the field-induced ferroclectric phase ,%ifl exhibit siuni niohate (PMIN)-bascd eleerostrictive materials has been
piezoclectricity, but the antiferroclectric phase %% ill not, and reported,4 %%here continuous application of a bias electric field
conseuuentlv that the Pic/oclectricits can be controlled easily is required to obtain and sustain the piczocletiricitY In com-
by an applied electric field. Controllability of Piezoelectricity
and large piezoelectric anisotropy is desirable for sonic appli--
cations such as surface acoustic wave (SAWi) devices and ul- Ij7 ~ --
trasonic probes. The purposes of our investigation are to A4~- J44 VV
confirm the cunt rollahility of piezoelectricity and to check 6
the piezoelectric anisotropy of PNZST miaterial. 111I

11. Experimental Procedure 4

The phase diagram of PNZST ceramics is shown in Fig. I
as a function of composition and electric field, along with
their typical strain curves. The phases are divided into four - 2 -+eI1
regions by the strain characteristics. The compositions be- E
longing to regions 11 and IlI show the shape memory effect.
and those belonging to region IV exhibit typical ferroclectric
hysteresis curves in -strain characteristics. The compositions > 0 - Ali ferro
se~lected in regions II. Ill, and IV are y- = 0.063, 0.064;
y = 0.W66, (1080; and y = 0.09M, respectively. The specimens
were prepared by a conventional sintering process -calcined Fer 2
at 850'C for 10 h aind sintercd at 12701C for 2 h. The spcci-
mens were cot into pellets 11 nin in diaimeter and 0.2 min in
thickness for the p~lanar mode k,. and 0.4 nini in thickness for
the thickness mode k,. As references. %c prepared samples of -4 -

0. I tlaetitwing- coniribt uing editor ___________

0 05 0 06 0 07 0 03 00 9

________ onceclraitot of Ti (1)
Manuscnipi No 196761, Received July .2,. 1991. atppro'.ed November 21 i.. hs igamo N,.bo(.. 8 n.i T.~ 3 a

1991Fi.1PhsdigaofvNb[7nan0iTiJw3a
'Mermber, Aiiiettoon Ceraminc Society fjunotion of Ti concent rat ion.
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v 0063 U0'~0

paisn th0NS aeil v003004 ihte salr( yc)ta hto h tc pcmn s .6shap mentor--- efec ar-ofre5ob eysial o n .6) Sneteseie soiial ereetii
the5 pizectii ihl-1osnt0e ageeeti il ootantepeoler

Fig.2.Feldstn rferlapptiong thd parezecti resors nbanc fild pus. Figur 4. Field-sthei vrilation ofd adiezeettance charcteradistic

Thrisn ihe probal bmauetheriaspee su06tains4 wthe [the asmallr( funct ofa Ticnetration thther srequments of the06
indaced femryoeffectri pase evenaftner to e rverse bisuistap-e faoru and 0.6)minimu thea arcien ishoiifaled toherfrocetuen-i
potol ind g as thes n in he uperc parth lof enig y contecsemptof. dies with inredasn l a nde ecthifenldecresetasn the pieczoelctric-

v ~ ~ ~ ~ ~ ~ ~ ~ ~ t a (9)Ii.4,tefedidcdpeocrcl-cno ind inceaes nbot lse th pize0criiy66.et b h

Thsibe oal becnuse-td rsperime sutan thetmchia copiniecld-oteplnr n

hereuidcomipletels b% the rýr% bias. It isnotable that thtckness modes are calculated fromt the measurement by
the electric pulse field trequired to cause piezoelectricity is using the following equations:

I ~ .-- tan (planar niode)

-7 k; 2 T tO - WRJ

"- -ta (thickness mode)
WA 2 WA

0where k is an electromechanical coupling factor and wit and
C 10 w, are the resottarce and antiresonance frequencies, respec-

Eri~Femllively.

Electic FeldlWrrilApplied Electric Field= 22 5 ky/cm

-225 0 6

20 2342ki
1:0 O y=-9 2007 3

Fig.~~~~~=01 23. riltanrlto n ieotcrcrsnneam
tac us f lta oe hapidpls il esue n Fg . aito freoac n aoeo~ne5rqiniso
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Fig. 6. Dcpendence of •, on pulse field. measured in various Ti concentrations

Figures 6, 7. and 8 show the variations of k. (planar mnode). The k,/kr is calculated as shown in Fig. I0 for the various

A, (thickness mode), and K,/r, (piczoelectric anisotropy) as a compositions. The (k,/kr,) value is more than 4.0, and the
function of applied pulse field in 'lic sample of v = 0,06". maximum value of 4.5 is observed in the composition of
).066. and 0.01901. As the applied electric field increases. v = 0.066 around the phase boundary betwseen region- i1 and

and k, appear abruptly at the transilion point frrn the anti- Ill, which is about two limes greater than in conscntional
ferroelcctric to ferroclcctric phase, thcn decrca,,e gradually piezoelectric materials such as PZT sho,,n in Table I. Large
,.ith the field. A minimum is observed at the domain reversal anisotropy in piezoelectricity is also observed in (l.9PhZrO,-

coercive field. The variations of k, and k, (saturaled values) OLIPbTiON. which is also a ncar-antiferroelectric matcrial.

a, ai function of Ti coneentraftion are pýlottd in Fig. t B(ot h k, Table I also list, the data of PhTiO•-b;rsed material
and ,, sho%% maxim-. at a certain Ti cuitncctration. The maxi- ((Ph,, -,Ca,,:J)j(Co .W :),, , JTi ,,,.O 2 molr Mnio). Ahich

mum Nalucs of kA. = (.,145 and A, = I.t622 a',ippcr in the corn- is a ,kcll-know n anisotropic piezoelectric developed by

positions of y' = 0.1)8 arid (O.0O66 respesc.-".ly. Toshiba.4 Although the k,/k, value is larger, the k, value itsell
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Fig. 7. Dependence of A, on pulse field, measuTed in various Ti concentrations.
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Fig. 9. Variation of k, and A, with Ti concentrations.

is smaller than that of the PNZST ceramics, The large an-[V isotropy can be explained phenomenologically by using a sub-
lattice system; the two sublattices provide significant

5 Applied Field .225 kV/cm contribution to the piezoelectric anisotropy. The detailed ex-
planations for this large anisotropy were discussed in a previ-
ous paper.5

IV Conclusions

-o () Piezoelcctricity can be controlled easily by an electric
,.0 o field puke in the shape memory type PNZST materials

(y = 0.063,0."64).
(2) The ficld-induced ferroclectric phasc shows a

T •__________piezoelectric anisotropy larger than in conventional PZT-

0.06 0.07 0.08 0.09 010 based materials.

Mote Ratio of Ti (3) In comparison with the PbTiO,-bac(I ceramics. the
PNZST exhibits larger electroiicchanicaI coupling with

Fig. 10. Variation of k,/1, with 1i concentration smaller anisotropy k,/k,.
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A New Type of Flextensional Transducer

Robert E Newnham. Qichang Xu, Katsuhiko Onirtsuka, Shoko Yoshikawa

Materials Research Laboratory, Pernsylvaria State University

University Park, PA 16802

I. Introduction

Flextensional transducers composed of a piezoelectric ceramic and a shell structure exhibit

good electroacoustic performance [1-21 in which the extensional vibration mode of the

piezoelectric ceramic is coupled to the flexural vibration mode of the metal or polymer

shell. The sheU is used as a mechanical transformer for transforming the high acoustic

impedance of the ceramic to the low impedance of the medium. The transducer can

produce large volume velocity on the shell for a low Qm, high efficiency protector, high

stress in the ceramic for a highly sensitive hydrophone, or large displacement for a

compact actuator. 13-51

"Tlhis paper describes a new type of flextensional transducer. It s basic structure has lIttle

similarity to class V flextensional transducer [61 because there is a different bonding area.

It is a high performance transducer. A large effective piezoelectric coefficient d,

exceeding 4000pC/N, a high hydrostatic piezoelectric coefficient dh exceeding 600pC/N

and a resistance to pressures higher than 1000psi are obtained from this single PZT disk -

two metal end caps flextensional transducer [3-51. The basic configuration and simplified

model of the transducer are described in section U. Finite Element Analysis (FEA) for the

deformed shape and stress distribution under hydrostatic stress and the vibration dynamic

mode is presented in section WI. The experimental results for hydrophone, transceiver and

actuator applications are discussed in section IV. The bonding materials between PZT and

metal are described in section V.

i1. Configuration and simplified model

Fig. I shows the basic configuration of the transducer. The ceramic element can either be a

piezoelectric ceramic or an electrostrictive ceramic with single layer or multilayer. An

electrostrictive ceramic is expected to reduce the hysteresis of the actuator. A multilayer

ceramic element enables lower driving voltages. The "moonie" metal end caps are used as



a displacement magnifier or a mechanical impedance transformer. The relationship

between the displacement of the end caps and the size of the caps and the ceramic is

explained below. For simplicity consider a beam with small curvature bonded to a ceramic

bar (Fig.2). According to elastic theory 171, the bending moment M under an electroactive

force from the ceramic is as equation (1)

-T4(b -a-) -4a b (lnf) I
Ma (a

4[a•b - b •n-a-ar2 +b" a:]2

a b r

The electroactive force will be transmitted to the moonie metal caps. The stress in the

metal is:

To- (2)
A,

where d = piezoelectric strain coefficient of the ceramic,
E3 = electric field in the ceramic
Yc = Young's modulus of the ceramic,
Ac, Am = cross sectional area of the ceramic and metal, respectively,

and r-a- b.

The normal displacement of the metal produced by the piezoelectric effect of

the ceramic is:

ti2
-M (-In)

Ur 2 3 dYed, V (3)
2YmIm 4 bhYme

hm = thickness of the metal
Ym = Young's modulus of the metal
V = applied voltage

Im = moment of inertia of the metal

d U . 3 dYCdC
eff V (4)

m i n l I a I I4I II I



I. ilydrophone application

The dimensions of the sample are d=dp=l Imm, dc=9mm, hm=hp=lmm and h=0.2mrm.

The ceramic is PZT-5, the metal is brass and the bonding material is epoxy. The deformed

shape of the PZT, when a unit pressure (-1.0 unit) is applied to the exterior surface as a
hydrostatic pressure, is given in Fig.4. Fig.5 shows that the stresses in the r and 0

direction are extensional stresses and those in the z direction are mainly compressive

stresses in the PZT ceramic. (See Fig.5) These stresses in the PZT explain why this type

of transducer has very high dh and can withstand high hydrostatic pressure. The first

resonant frequency of the flextensionai-mode-as'a function-of the-metal thickness hm of the

hydrophone is presented in Fig.6. The FEA results are given -- the calculated curve.

Experimental results are in good agreement with FEA results. The first three vibration

modes are shown in Fig.7. 1,Fig.7.2 and Fig. 7.3 respectively.

2. Transceiver for fishrinder

Flextensional transducers are usually used at frequencies lower than lOkHz. This new type

of transducer can reach high performance by adjusting the cavity diameter or the thickness

of metal end caps to operate up to 100kIlz. The5OkHz flextensional transducer can not

only reduce the size and weight but can also keep higher figure of merit and wider

directivity patterns measured by Airmar technology corp. than the Langevine type

transducer with same diameter. The sizes of the typical samples for 30kHz fishfinder are

dp=35mm, dc=28nmm, hm=6, hp=3mm and h=0.2mm. The ceramic is PZT-4, the metal is

aluminum and the bonding material is epoxy. To get a good electrical contact between

PZT ceramic and aluminum end caps, fine mesh made of brass or stainless steel is inserted

into the bonding layer. The typical thickness of this type of bonding layer measured by

SEM is 80 gIm.

The configuration of the flextensional transducer for fishfinding is shown in Fig.8. The

first three flextensional resonance frequency modes vs metal thickness are shown in Fig.9.

The first resonance frequency is approximately proportional to (hm) 1/2 . The cavity

diameter has a large effect to the first and third resonance frequencies, the first resonance

frequency vs cavity diameter is shown in Fig.10. Fig. 11 shows the thickness of PZT has

little effect on the first three modes. The results of FEA shows that the first resonance

frequency is approximately proportional to l/(dp)2 . if keeping the dc/dp ratio constant
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(Fig. 11.2). Fig. 12 shows the resonance frequency vs bond thickness from 0 to 100

gi.for two different bonding materials. The thickness of the bonding layer has Little effect

on the resonance characteristics.

IV. Experimental results

I.Iliydrophone

The typical PZT-5 - brass flextensional hydrophone element,with epoxy bonding, has

dimensions d=l I mm, hp= .Omrn. h=0.15rmm, dc-8.5mm. The dielectric constant is

K=1450. tan5=0.02 and the lowest flextensional resonant frequency is 54kHz. The

dependence of dh and gh on hydrostatic pressure PO is shown in fig.13.

Experimental results show that (1) the effective d33, dh and gh are approximately

proportional to (d0)2 and l/(hrn), and (2) the lowest flextensional resonant frequency is

proportional to (htm)1'1 - These are confirmed with the simplified model in section U. The

aging under hydrostatic pressure at 350psi is very small for experiments up to 10 days.

Because of the symmetric configuration of the flextensional element, the vibration noise in

the z direction can be very small. A flexible array incorporating four flextensional elements

was tested in 131.

2. Fishfinder transceiver

Samples having three different diameters of 27, 35 and 45mm, have been made to obtain

different resonance frequency ranges. From the FEA analysis, the first resonant mode is

suited for the transmitter. The first resonance frequencycalculated for each sample. is

plotted in Fig. 11.2. Experimental values are in accordance with calculated values. The

slight difference observed in the sample with 45mm diameter is thought to be due to the

difference of the cavity diameters because the bonding area is not perfectly circularly

shaped.

Wider directivity patterns of the sample with 35mm diameter,14mm in thickness and

35kLHz resonance frequency indicates that this new type of transducer has advantages for

fishfinder applications.

3 . Actuator

The actuators were made from electroded PZT-5A or PMN-PT ceramic disk (I1mm m

diameter and 1mm thickness) and brass end caps (from 1 mm to to 13mm in diameter



with thickness ranging from 0.2 to 3amn). Shallow cavities from 6rim to 9run in

diameter and about 0.15mmn center depth were machuned into the inner surface of each

brass cap. Most experimental actuator samples are bonded by epoxy or solder. The

displacement of the composite actuator in the low frequency range was measured with a

linear voltage differential transformer (LVDT) having a resolution of approximately

0.05pgm. The direct piezoelectric coefficient d33 was measured at a frequency of 100Hz

using a Bertincourt d33 meter.

In Fig.14, the displacements for the PZT-5A and PMN-PT themselves and their

flextensional actuators with hm=0.Smm and dc=8.5mm are shown. The actuator with

dimensions dp= Il mm, ,hp=I- mm. h--0.2mrn,.hm-O.4rmrn, and dc=9.Omm exlubits stLzabie

displacement as large as 20 gm with a pressure capability of 50 g/mmn (see Fig. 15).

As expected in Eq.(4). the effective d33 is proportional to l/hm. In Fig. 16, the di3 values

were measured at the center of the brass end cap using a Berlincourt d33 meter. Values as

high as 4000pC/N, approximately ten times of that of PZT-5A, were obtained with the

moonie actuator. The displacement is largest near tlhe center of the transducer. The

effective d33 measured as a function of position are shown in Fig. 17. Plots are sh. wn for

two brass thicknesses of 0.3mm and 3.0mm. Ample work area of several mm, are

obtained with the actuator of I Imm diameter.

The creep experiment revealed that keeping a field of 1kV/mm on the epoxy-bonded

actuator for two hours showed no displacement change after 1 hour (Fig 18). Larger

displacement can be obtained using stacks (Fig.19). Experimental results show that the

total displacement of the stack is the summation of the displacements of all elements

The 124 layer electrostrictive composite actuator shown in Fig.20 gave the displacement

exhibited in Fig.21. More than 15gtm displacement can be obtained under an applied

voltage of 150V. Note that this experimental result is obtained with orlv one metal end cap

on the ceramic stack. If the convex or concave metal end caps are placed on hoth sides of

the ceramic staki,,- more than 30Rm displacement will be achieved under the applied voltage

of 150V The smnaller displacement for the uncapped multilayer ceramic in the same

direction is shown for comparison. Its lowest flextensional resonance frequeicy is

6.4k-lz.
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Fig.20, Another type of ceramic.metal composite

actuator with multilayered ceramic part.

Applied Voltage, V

0 50 100 150

Mult1iayer ceramic Actuator only

".im

S-Multilayer Ceramic-Mtal CompOwite

10

Fig.21 Displacement with increase in applied voltage of the
multilayer ceramic-metal composite actuator using a
electrostrictive ceramic stack and a brass end cap.



VI. Conclusion

A new type of flextensional transducer has been constructed from piezoelectric PZT or

"electrostrictive ceranuc bonded to metal end caps. Shallow spaces under the end caps

produce substantial increase in strain by combining the d33 and d31 contribution of the

ceranic. Very large displacement. effective d33 and dh can be obtained. It is attractive for

hydrophone, transceiver and actuator applications, and is especially advantageous for non-

resonant, low frequency projector in deep water.

FEA shows that under hydrostatic pressure: the radial and tangential stresses in

ceramic are mainly extensional stresses, compressive stresses in z-directior,

concentration is high near the bonding tip. This is the reason why this flextensional

transducer has very high dh and high hydrostatic pressure tolerance.

The effective piezoelectric coefficient is approximately inversely proportional to the

metal thickness and proportional to the square of the cavity diameter.

The lowest flextensional resonance frequency is approxurately proportional to the

square root of the metal thickness and virtually independent of ceramic and bonding

layer thickness.

The lowest flextensional mode can produce large volume velocity with lower side

lobe than conventional piston type transducer.

Using this flextensional transducer as an actuator is very attractive. The

displacement produced by a single element moonie with total thickness of 1.8 nmn

can reach 20 pim with load 50g/mm 2 under the applied electrical field of 1kV/mm.

Recent experiments show that a stacked flextensional element with total thickness

of 3.8mm can reach 28p.m displacement under an electrical field of 1kV/mm and

the pressure up to 50g/mm 2.
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This paper presents a novel approach that demonstrates the usefi-,ness of
electrorheological fibril lonnation to form 1-3 connected ceramic -polymer composites.
These fillers include tferroelectric, polar. nieta I. semiconductor, and superconductor
crystallite powders. Patterned distributions of ceramic fillers within the polyriv' trix
can be induced by electric fields applied between patterned electrodes.

1. INTRODUCTION

A. Electroceramic composiles

1hle stijd\ of clectroceramic comiposites has results
InI severall new latnilies ol' de %is it h properties
superior to those obiained fromr sing~le phrase materials."
Typically, the success oh' such composite, can be

tracedi to ar \%elI -desiziled colilitCc"Ir iiy of' each phas
miaking tip tire composite. Where conlirectivitv is defined
as the number of' dimensions, a component phase
is connected. These connectivity patterns enhance the 0- 3 1-3
arlisoiropy ot property coefficients and control transport FIG I Scheiatic representation of ithe diphasrc corirectivltres 0-3
of heat. charze, and radiation. These connectivity and 1-3.
patternis can take on aI number of forms. A full
nomienclature has been described for diphasic arid and the strong interparticle for es between individual
tiipliasic comtponent composite systerits alike. For filter components. Engineers and materials scientists are
readers unfamiliar with this nomeýnclature and wish to forcted to exploit self-assembling composite systems to
read more, wve refer themn to Ref. 3. This study involved control intelligently the phase or component segregation.
vwo diphasic connectivity patterns, namely the subgroups Such examples of self-assembly include unidirectional
0-3 and 1-3. These diphasic connectivity patter ns are solidification of eutectic composi tions or ceramics of
schematically deriionstirted in Fie. 1. The 0-3 case that aligned polar -crysta I Iites." However, these types of
refers to the active filler phase has zero connectivity, self-assembly are exceptional cases and not applicable
i.hile the inactive rinatrix phaise has three-dimensionial to all composite systems. Ceramic-polymer and metal-
coinnectivity. i.e.. a dispersed p~hase III a surroundingo polymer composites require other methods to align or
rinatrix- The 1 -3 case refers to at tiller phast. having assemble thle tiller phase. Magnetic fillers hav.e been
connectivity in one dimension, -hile thie matrix phase shown to align under magnetic fields, but of course
is coittinuo us in all three dimensions. this his its limitation to paramnz'.-_:etc or ferromagnetic

\Vithi miany early electroceramnic composites, the size fillers.9'10 Other methods of assembling fillers in ce~amic-
of the connected phase has been on a scale (>I100 ALM) polymer composites are laminar flow and tape-casting
that could be processed with conventional processing methods. These methods also have their limitations as
techniques.i3 [fence, desirable composite connectivity they are very dependent on parnicle morphology, rheol-
patterns could be readily obtained. However, present day ogy, and particle size for successful texturing.
mrid future requirements of comiponenit miiniaturization W~e present here the use of fibril formation in the
bring with it difficulties in assemnblinig more complex electrorheological effect to aid 1-3 connectivity and
connectivities. These difficulties pririarily are associated percolation in composite processing.
with the mechanic.. assembly of thle component parts

B. Electrorheolagical (ER) effect

~'Pc'.nr drre'v Dpinnci o M~ncrt~SL-cIK an E~rncr~~. The electrorheolopical effect was first discovered by

Uni~eviity of Florida. 121 Rtjines Hall. Gjnnesville. Florida Wvinslow in 1949.1' ýVinslow discovered that in certain

i Maier Res . Vol. 8. No 4. Apr 1993 1l 1993 Materials Research Society
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ssper~r~nsa J~i Inem\r~ i C.1cii hC ob,,Ci -Cd I'll considered for fluid Chite tiCs. I .ls. chimlps, arid Sm~art"

.ipfhlt..rtioii of all edccii re field ii) iLcd useir I~s lit! damiping_ control of vbai's

FR effect canl I--- iiduted Iv." boi 'It: .1in1 d& eIlecric hield, rithe JIM 01f this, Mpape IS. 10- (eios Ile pteirtiall

.lih e. ailihoru-" the effect iý fiewuli. ilpedeit. Onl usefultiess of thle electr'rlheoloc-icai fibril lorniatiot in

.ipplicaitiotr of the electic: field then e -ý a i edistributioir processing cer~iiinc,'iniral -pol> fler composites.

of the dispersed particles Into chltaiis of jeegreuates
rindior Individual particles rtiritne (Il' eote oppo- C. Experimental

s~itlv iracedeletroes.Thes clnti ofparicls ~As fitms paper is mainly concerned with composit
kiioý. iias.fibri Is. ill thle Conet Ijit',P .I)I' inc~llature \te are iricrostructural control, much of the experimentation
utistue here, a chanee hetweci 0-1 ;iid 1-.3 conntectivity \%a performed using microscopy. A number of optical

aInduedOiiSo the ER elkt, cell ,verc'Ci~ developed Ili order to study Ir sing observa.
url_,m oltheLR llc,: f-,ý,tli ncl~ir15' tions of the electrorhicoloeiscol fibril development.

clii ~ c~itd tat te dcli c hld iducs a Solid composites "ere cured in larger teflon cells
11C Ch s1-eparationILI on tile Sn> 1'CldCd pa~rticles. to FiLg. 3). Fillers uere dried Ic, 24 Ih before testing in
in a dipole. The induced dipoles oni one suspenlded ord'er to el11iminate water effects. A number of differing

Sdie tei iirter~tct iheaich oilier in accoi dance to poly mers % cre studied-. see Table 1. Within this group

-ý:drastatiC dipnolar-diofjir altractioit. Tire nitrit bed ofI t'herrnoset polynire< the viscosities were sometimes
Apiolar Itliciadtielis di ive tllne p1,111ticl dis;tributintol hic) IL suIch thatl &1riir7 thle wmixng of the filler, air was

for n te ibils ' ls t~ ofun i Ichuehas een Inrcorporaited. [ii these cases the composite mix and teflon

s~iccesfulv einntsr~iedby crniinte ~irru~itn cell \ere IMutnuder vacuum for a period of I h. After
stUdy by IBoineca7.e aiid Brad'-. lthe esacuation. the electric alignment w-as performed

Tire basic utiderstatidine, of inhcd 1'airticle dipolar ait 65 'C for up to I h. depending on ltie polymer.
poaizattonis It.,ý :1 further optical microstructural studies to chiaracterize the

that the di1 tole coliies fromi a displacifrrient of ltie double Jrli2nniefit w-ere made on solid polymrer composiies after
L~iser aniiiior elecnotrioiical tionifcetl minface cha~rgzes Nt setliii ihairccim

tile fluid part[icle 1t1it ICi 'ae a1 >chiCi~IItl\: IcL~uicNCnII(IoII~ Of
thiese 1\wo mod~kels is stow\I n in Fi, 2'. Aiiothier confuosing 11. RESULTS
aspect lii ER fluids is the role of % arer and hydrated sur- A.Plmradflesty
f~ices. Sonic auithors ieo tirneliscosity Clr.1igres A.Plmradflesty

Illh,!rserc of aii'.rl iinshave produced A numiber of thermnoset poly mers %ere tested in

brmjs h:R fluid ri ire. snsi cinance- 1 their urncured state to determine their fluid states as

mcr details o-f tire ER fluid bchiivior that obviously a possible host for eleciiorlieologicab fibril formation.

,ced to be resolved. Howevetr. tire ;ipplicaiurrs using Results are shown in T'able I Reasons for lthe success

isoiychanges % itih ER fluids ;tre being seriously of one type or polyrmer o,.er another at a given field
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TABLE 11. Aiignnieni of piowdcrs in uncured siliun eiastomcrs.

Ins5utliors Semiconductors Metals

BaTiO 3  *YBu) 0 6 5.3  Aluminum mieitae-
PbTiO1 c ' Gahite AS cover resin billsb t

ag-Pb(Zr. Til)0 SiC fibers Ag cover acrylic fibers G

MV-0 Zro!

Silica glass spheres'

Nlanufacturers:
"Spheriglass-Poiters Industries. Inc.

_________________bljitsubishi Metal Corporation.

-- changes are found to exist up to 35 vol. %.Figure 4
FIG. 3. Photogrumpl of a tYPicul teitun cell used to tabricite solid shows examples of fibril formation in silicone elastomer
col~iipt)siiCS. vith (a) ferroelectric Pb(ZrTi)O, 5 vol. %, (b) dielectric

* TiO,, 5 vol. %. and (c) conductive Ago-coated acrylic
sti en-etl and al terntitins: 1'rcquclic . o r-_ not known at this -

time Ths i th sae lmittionin ur ndestadiic ~ fibers 0.5 vol. %, aligned with alternating electric field of
thme. hsI ecirreloic amel phnuonen itslf ou -estn zo I KV/mm at 10 Hz. All the results obtained show theretheC~etrobeclogca phnolenaItslf is a wide range of materials capable of fibril alienment

For successful ER unscured polymers. a wide vari- i eti nue oye arcs atcemrhl
ety of tiller materials %%rere tested. includim! insulators. i eli nue oye arcs atcemrhl

setnconiucors andmetls.Tabe 11shos alis of ogy is also important with the alignment process. Both

thjese various filler materials, which all showed evidence needle-shaped Ag-coated fibers and SiC fibers a I gn their

for ER fibril formation In successful polymers. The aXIS parallel to the electric field direction. these may be
-1 k*/nni vas ase on a consideration if we wish to maximize the anisotropy

macenitude oifelectric field. - I- , Vim asbsdo
Xprevious studies with silicon-oil and BaTiO 3 powder.' 6  o opst rpris

B~oth direct and alternating electric fields can induce fibril
formation of the tiller phases. But, with high-voltage B. Anisotropy of MRaligned composites
dIiiect fields. elect roplore tic motion can o verride the The anisotropy of the ER-formed composites is
fi bril aignment. Ilience. alternating. fields are preferred demonstrated in Fig. 5. This figure shows the difference
inI the processing. The frequency coniditions were based in the transparency of aligned aluminum metal powder.
on direct optical microscopy studies, where the fibril 0.5 vol. %a in silicone elastomers. The composite is cut
fomination was optsimized for frequencies -10 Hz for to the same thickness, 2 mm, parallel and perpendicular
pol ,yurelhane and silicone elastoiners and for frequen- to the fibrils. The light scattering a~long the aligned fibril
cies fronm 500-700 H-z for epoxy polymers at room direction is reduced compared to fibrils perpendicular to
tens plerature:. the viewing direction.

Alienieviet wvas observed for a wide volume fraction
raiw~e 0.1 -25 \vol. % in Pb(ZrTi)03, and BaTiO) particles
in silicon elastomner. Higher volumes of these insula- C. Patterning a composite with
tor powdetrs were studied by milcrostructural studies, ER-alignment methods
but did not resolve alignment owing to the high den- With ER fibril formation, it is possible to align
sity of packing. However. electrorheological viscosity powder between patterned electrode arrays. Figure 6

T,\tLE IPokilersand upplersshows photomicrographs of aligned BaT~iO3 fibrils be-
tweell discontinuous parallel electrodes. These results

Fibrt fummmimmum Tade amedemonstrate that possibility of manipulating a uniformly
E - 1-2 kv/nmmin ind supplier dispersed uncured mixture to one that has nonuniform

mixing of volume fraction and connectivity. There is
Poivurethaine Yes (10 HZ) IlNSol.DC,(ier. US0043 a reduction of the local volume fraction in the regions
Silicon clasiciners Y-es (00HIZ) S-Ilard-IRJ. Dow Corning between the electrodes. Of course, this also corresponds

Eccosil. Emerson Cummings to an increase in the local volume fraction in the vicinity
Eccos~et Yes (600 H z) Eccogei.Einersofl Cummings. between the electrodes. This redistribution of the local

1365
Epom't r~s ((m0O) I1I) EP()N .915-Shell volume fraction is owing to dielectrophoretic forces from

___________________________________________ the electric fringing fields attracting dielectric media

J. Mater. Res.. Vol. 8. No 4. Apt 1993 3
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.7 ,

A5OPmh5 m

(a)(b

100pm

(C)

FIG 4. Fibril fonntison induced with alwrnaitng electric fields of I ky/cm and 10 tit with (a) P"b(Zt.Ti)OD). (b) T10 1. and (c) Ag-coated
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(a)

((a)

F 11j 5 l Uitlcr~rc~ ii i 1' Zrr~ 'Jr~c lui ' tc nbonra~

tlr~ o ' lmnmtle nslcn aire nii u

FiIGorli l elcrctr ti hed lleispa0 c liure 7n C1Conr1C0s ia pclv

1 xlErled co5 vol auittr f~illrin si)licone! elastome. mtin cth~ 4 nplmr hta~se Refc oocr
Cnrl~C lel and fepnields dorild the firl-eb lnetr h~of la 0.d~ 1a~er ofl elcrcraiilrswr ondt lg
ofAlqcnlerlt ardt fbresule in silcnl-def tined como w~et.te (nbu)gtecrngpoes rmtisdvregopo

non ~ ~ ~ ~ ~ ~ ~ ~ ~ I 6uiomdsrbto f oncll~ ilr, Eapnplcaios of algeR-Binduc%6ed aniothopitemdstfricon-
duciv concos nonlinea en-Ve vataters pieee foellecrodsrier

LIT71form lectic hed FIurt 7shotransducersI) .i p rok eleti esrs , posiov R efetiv temporaur.e
1zeiL d SUM MARY it AND m CONCLUIONSe coefficient Ieitos anluprodutrcopste r

la~c Erin efiects usingalteniathe elect rohlica wdert\ofecrcrmic fiedss were foll possiblen

sif 2nneto anditresupoedr tfill-ersineud ue temst (5 atrin ffl connectivities with dicn

M.olyMe1RYs. CNLUIN tiansuceus, elecrodes isdemnsorate woithine polmmeratr

(2) The alignmnent conlditions vary from polymer ceramic composites.
to polymier: a universal understanding of properties nec- This novel approach can be applied to a number

essary to exhibit this effect is undetermiined at this timne. of electroceramic compos Ites I n ofder to improve vani-

(3)) Strong anlisotropy isdemonstrated withI opticaf ous properties. One limitation to this approach is that

scattering with fibril alianr -nt- a universal understanding of the interparticle forces

J ma~er Res_. Vote8. fNo. 4, Apr 1993
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Using the dielectrophoretic effect. submicron BaTiO, powders dispersed in an uncured silicone elastomer could be redispersed
into an aligned composite. The cured and ,ligned composites were microtomed into thin sections and characterized using electron
and optical microscopy. Dielectric characterizations of the aligned composites were also studied and modelled using the conven-
tional dielectric mixing rules. Both the microscopy and dielectric characterization suggested the alignment of BaTiO) particles in
a quasi 1-3 connectivity pattern parallel to the direction of the applied electric field.

1. Introduction a so-called 1-3 composite [5].
The aim of this study was to demonstrate the pos-

Dielectrophoretic or electrorheological effects are sibility of processing of a nanocomposite using the
usually associated with an electrically induced yield dielectrophoretic fibril assembly of submicron crys-
stress and viscosity variations and used in active tals in a polymer. The associated microstructure and
damping control and also fluid clutch applications dielectric properties were measured and modelled.

[1,2]. However, recently we reported that the di-
elcetrophoretic alignment could be used to assemble
composites by changing the connectivity of dis-
persed filler phases in some uncured polymers before 2. Expeinmental
curing 13.41. Connectivity is the dimensional rela-
tionship between the phases confined within a com-
posite, and connectiviiy directly influences the phys-

ical properties of the composite. Application of an

electric field creates a mutual dielectroph(,fetic at- The raw materials used in this experiment are all
traction of neighboring filler particles to form fibril commercially available. The BaTiO) powders from

chains: if the fibrils are continuous in one dimension three suppliers were used for this study and listed

throughout the thickness of the composite, we have along with associated powder properties in table 1.

"I able I
Sources and related characteristics of BaTiO , powders

Name Powder processing Particle size Specific surface

(Am) area SSA (m2 /g)

Saiki BTO I hydrothermal 0.1 12.7

Saiki BT05 hydrothermal 0.5 2.4
BaTiO) TAM HPB coprecipitation 0.2-0.3 1.0

26 0167-577x/92/$ 05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved.
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The polymer used was 184 Sylgard silicone elasto- tric field angular frequency of •- 40 Hz with the root
vrier, supplied by Dow Corning Ltd. mean square electric field strength being :t I kV/cm

was applied across the curing composite. Curing time
2.2. Preparation of slurr' takes approximately I h for the sample volumes

•,2.Scmx I cmx0,8cm made in the study.
The silicone elastomer is a thermoset polymer with

part A monomers and oligomers and part B being
the catalyst for the polymerization reaction. The key
to making homogeneous and uniform nanocompos-
ites is with the dispersion of powders within the For both microscopy and dielectric characteriza-
polymer. This was achieved by gradually mixing the tion large area and thin sections are required. To ob-
BaTiO 3 powders into part A under high shear mixing tain these, microtomed sections were sliced (50-
with the pestle and mortar. After all the BaTiO. 100pm thick) from the composites. This allowed
powder was dispersed in part A. the part B catalyst optical transmission microscopy to be performed on
was added and the shear mixing process repeated. thin samples and also reliable dielectric measure-
Air was removed from the slurry under a vacuum ments on thin and large area samples using a HP
rotary pump for approximately 20-30 min. The 4790A impedance bridge. For dielectric measure-
slurry was then poured into the teflon alignment ments, gold electrodes were sputtered on the surfaces
chan•ber, similar to one shown in fig. i. A second of the composite sections.
evacuation of the slurry is performed in the align-
ment chamber for 30 min.

2.3. Alignment under electric field 3. Results and discussion

An alternating electric field was applied to the Fig. 2 shows homogeneous dispersion of the typ-
slurry at curing tempcraturesof ,60-80°C. An elec- ical alignment of BaTiO3 powders in silicone elas-

tomer polymer as observed using transmission op-
tical microscopy. The scanning electron microscopy

(SEM ) analysis demonstrated that the dispersion was
such that individual submicron BaTiO, crystals could
be aligned into fibrils. This phenomenon can be seen

S' .- _ ,P . i

Iwo.

Fig. I. Teflon holder used for polymeritation under application Fig. 2. Homogeneous dispersion of aligned BaTiO, in silicone
of an electric field. elastomer. Magnification 100x.
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in figs. 3a and 3b. The fibrils are discontinuous as log "= I' log K, + I" log K2  (logarithmic law).
revealed in SEM studies. (3)

The room-temperature (I kHz) dielectric con-
stant and tan b data for these composites are listed Here K is the average dielectric constant of the corn-
in table 2. The theoretical estimates of dielectric con- posite, i' 2 and ITŽ are the respective volume frac-
stant based on using series, parallel, and logarithmic tions, and K, and K2 are the respective dielectric
mixing laws are also listed [5,6). The relations used constants of phase I and 2. Dielectric constant of
for the estimates are as follows: K, 300 (0 kHz and at room temperature) was mea-

sured experimentally. The silicone elastomer has a
I/9= I'1/K, + I.K 2 (series law) (I) dielectric constant of 2.8 at I kHz as determined on

pure silicone elastomer samples. The experimentally
/= ['• K1 + ",K 2  (parallel law), (2) dctcrmined dielectric constant of BaTiO1 powder is
and lower than bulk values. This is due to the fact that

the nature of the dielectric polarization mechanisms
in nanoscale fprroelectric powder his size effects as
discussed by Ishikawi 17] and Uchino et al. 818 In
addition to this observation, we noted from table 2
that there is a dielectric anisotropy induced by theI dielectrophoretic alignment within the composites.

Using the dielectric constant K, = 300 for BaTiO 3
and K,=2.8 for silicone elastomer for the calcula-
tion of the composite !' there appears to be a good
agreement, in the case of unaligned dispersed
BaTiO3 composites, with the logarithmic mixing rule.
For the composites prepared under electric field, both
series and parallel contributions are important. With
the aligned composite sections microtomed longi-
tudinally to the fibril alignment, dielectric constant
measurement agrees with a series mixing. Trans-
verse microtomed sections of composites possess fi-
brils normal to the capacitor electrodes and hence a
high parallel mixing component becomes important.
From table 2 the measured dielectric constants are

11 smaller than the theoretical parallel mixing predicts.
This infers that the connectivity being quasi 1-3, that
is to say, discontinuous fibrils exist within the com-
posite thickness. Using the predicted parallel dielec-
tric constant and the measured dielectric constant in
the series mixing model it is possible to estimate the
relative parallel contribution to be 5 90%. These di-
elctric measurements suggest a quasi 1-3 composite
and this is consistent with the SEM microstructure
observations, figs. 3a and 3b.

Fig. 3. SEM micrographs of aligned composites with 10 vol% of 4. Conclusions
BaTiO, (Saiki BTOS). (a) Low magnification. (b) high
magnification. Alignment of submicron powders loaded in a sil-
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Table 2
Estimated dielectric constants for the series, logarithmic and parallel connectivity models and for various volume fractions of BaTiO)
powders using dielectric constant values K, = 300 (for BaTiO) (TAM. Sakai) ) and K2A 2.8 (for silicone elastomer)

Volume Electric field Series Logarithmic Parallel Measured K
(%) (connectivity) (kHz)

20 "'",. 3.5 7.1 62 8.0

20" 3.5 7.1 62 3.1

2 0 d) 1 35 7.1 62 20

10 c I.1 4.5 32 3.3

t 0o" 3., 4.5 32 3.3

10 ") 3.1 4.5 32 11.5

20°" b. 3.5 7.1 62 3.2

20" 3.5 7.1 62 3.0

20 d' IYA 3.5 7.1 62 18

1o b -. p " : I 3.1 4.5 32 4.0

0 "t' 3.1 4.5 32 37

lod, 3.t 4.5 32 11.5

TAM Ceramics. b, Unaligned dispersion E=0. o Section perpendicular to the applied field.
"di Section parallel to the applied field. "' Sakai Chemical BT05 (0.Spm).
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Structure Property Relationships in Core-Shell BaTiO 3-LiF Ceramics

C. A. Randall, S.F. Wang, D. Laubscher, J.P. Dougheny, and W. Huebner
Materials Research Laboratory

Pennsylvania State University

University Park, PA 16802

Absact

A sintering, microstructural-development and dielectric property study of BaTiO3-LiF
ceramics was performed to access the potential applicationfr low-fired multilayer capacitors. Not

only does LiF allow for sintering below 1000°C, it also allows for the manipulation of dielectric
properties and interfaces within BaTiO3 -LiF ceramics. Using mixing laws, a model of the

dielectric properties of the core-shell microstructures is presented that agrees well with the

observed experimental data.

Ceramic muldlayer capacitor (MLC) formulations based on BaTiO3 can be either chemically

or physically modified to exhibit the required temperature-stable dielectric behavior. The so-called

intermediate dielectric constant capacitor compositions, X7R, require less than ±15% deviation

from the 25"C dielectric constant -4000 over a temperature range of -55C to I25"C. This stability

can result either from chemical substitution in -the ceramics or from the presence of core-shell

grains in fine-grained microstructures as reviewed by Kahn et aLi

The core-shell microstructures are the result of a specific type of chemically
inhomogeneous BaTiO3 grains as discussed by KahnI and Hennings et al.2 In general, additives

and dopants soluble to the perovskite structure are incorporated during grain growth and

densification processes. This is especially true when recrystallization of the liquid phase occurs

during sintering and grain growth is inhibited. These additives are nonuniformly distributed over

grains. Owing to the small amount of additives, many BaTiO3 grains remain undissolved. After

saturation of the liquid phase melt with BaTiO3, a solution-reprecipitation process starts

whereupon smaller particles dissolve and larger ones grow by epitaxially seeding the liquid phase

reprecipitation of pcrovskite from the melt. Larger particles are rounded because of the dissolving



process and contain only pure BaTiO 3. These are embedded into a perovskite shell that contains a

non-uniform chemical distribution of doping.

As this process progresses, more and more additives from the liquid phase are absorbed

into the solid-shells. This depletes the additive concentration in the liquid phase that leads to an

increase in the melting temperature. Eventually, this can lead to a freezing of the liquid phase to a

glassy grain boundary phase. Figure .1 shows a schematic representation of a typical core-shell

a-crosructure observed in BaTiO 3 compositions.

The core-shell chemical distribution is a thermodynamically unstable state. The large

chemical gradients within the core-shell microstructure are driving forces for diffusion. High

sintering temperatures and/or long sintering times promote a more homogeneous distribution of

additives that eventually cause the core-shell microstructure to disappear. This has been clearly

verified by Lu et al. in the BaTiO3-ZrO2 system with up to 60 hours of sintering. 3

The formation of a core-shell nicrostructure not only requires liquid phase sintering,

solubility of BaTiO3 into the glass, and reprecipitation of BaTiO3 including additives into the

perovskite structure. There also has to be a limited grain-growth process and limited interdiffusion

to a homogeneous distribution of dopants. Given the correct kinetic balance of these conditions

during processing, the core-shell microstructures can be forme.

In terms of the dielectric properties, another important criterion is that additives must be

Curie shifters.4 A Curie shifter is a dopant, that upon entering the perovskite BaTiO3 causes the

paraelectric -- ferroelectric and also ferroelectric--ferroelectric transition temperatures to change.

The concentration of the shifter is approximately proportional to the degree of shift in Curie

temperature. In the case of non-uniform distributions of dopant shifters, there will be a

distribution of local Curie temperatures; this then generally lowers and broadens the peak transition

permittivity of pure BaTiO3 ceramics. The dielectric mixing of these various doped transitions can

be tailored under the processing conditions to form X7R capacitor materials.

The aim of this paper is to report the variety of microstructures developed and the

corresponding dielectric properties in the low-fired LiF-BaTiO3 system. Qualitative and

quantitative descriptions of dielectric behavior, defect chemistry, and microstructural development

is presented and correlated.
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2.0. Experimental Procedure

High purity TAM-HPB BaTiO3 powders were used with a reagent grade LiF and BaCQ3

powders for liquid phase sintering. Calcination of powders were performed in a platinum crucible

at 850"C for 1 hour. These calcined powders were milled and mixed with binder (DuPont 5400)

to form green ceramic disks. Binder was removed by heating to 500"C for 2 hours. Sintering

followed in a closed crucible for 2 hours with temperatures ranging from 800"C to 1150"C. Phase

purity of ceramics was characterized using Scintag x-ray diffraction analysis. Additionally,

chemical analyses of ceramics were made on bulk samples using a d.c. plasma-emission

spectrometer (Spectrametics, Inc.) and a Dionex Ion Chromatographer.Microstructural analysis is

made on ion-beam thinned samples _, with a Phillips 420 transmission electron microscope.

Dielectric property analysis was measured as a function of temperature and frequency using

an HP 4274 Bridge. Measurements were taken on platinum sputtered electroded disks on cooling

from 200"C to -150'C over a frequency range from 10-10,000 Hz at a cooling rate of I'C/min.

Dielectric Properties:

Dielectric constant and dielectric loss (tan8 = E"/E') were studied over a temperature range

between -150C and +200"C for a variety of LiF-BaTiO 3 compositions and sintering conditions.

Figure 2 shows a series of dielectric constant temperature curves for LiF-BaTiO3 ceramics sintered

at 850C for 2 hours. The LiF-BaTiO3 composition range was limited between 0.1 wt% to 2.0 wt

%, corresponding to mole fractions between 1 mole % and 18 mole %. Important features to be

noted from these curves are the following:

(a) Small dielectric anomalies exist at the pure BaTiO3 transition temperature -125"C for all

LiF-concentrations studied at 850C.

(b) The large dielectric constant peak maximum shifts to lower temperatures with higher LiF

concentrations.

(c) A broadening and lowering of the dielectric constant maximum occurs with higher LiF

concentrations.
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td) There is also a broadening of the dielectric constant anomalies associated
with all phase transitions, cubic--ýtetragonal, tetragonal---orthorhombic, and

onhorhoribic--rhombohedral, with higher LiF concentrations.

(e) With increased LiF content there is a major shifting of the cubic--tetragonal and

orthorhombic--rhombohedral phase transitions to lower and higher temperatures,

respectively.

Replotting the above data to give temperature dependence of the inverse dielectric constant

(i/K), classic Curie-Weiss behaviour can be observed above 125"C for all LiF concentrations.

Figure 4. This is consistent with an anomaly observed at 125"C (See Figure 2). The parallel

Curie-Weiss curves imply the transitions at 125'C have similar Curie constants and are consistent

with those of pure BaTiO3. This suggests a pure BaTiO3 phase existing within the LiF-BaTiQ 3

ceramic.

The dielectric loss temperature dependence is shown in Figure 5 for various LiF-BaTiO 3

compositions sintered at 850C for 2 hours. The dielectric loss shows anomalies corresponding to

phase transitions observed in the temperature dependence of the dielectric constant. The dielectric

losses are low (L 0.01 at room temperature) and are very suitable for X7R capacitor applications.

The variation of dielectric constant with LiF content in BaTiO3 ceramics sintered at 1000"C

for 2 hours is shown in Figure 6. The important features to be noted are:

(a) Decrease of the cubic to tetragonal phase transition temperature with LiF content up to

1.0 wt %.

(b) Increase in dielectric constant maxima with LiF content up to 1.0 wt %.

(c) Decrease of dielectric constant maxima with LiF in excess of 1.0 wt %.

(d) Slight decrease in tetragonal--orthorhombic phase transition temperature and a large

increase in the orthorhombic-4rhomoohedral transition temperature with increasing

LiF content up to 1.0 wt %.

(e) Relatively little broadening of dielectric maximum with LiF content compared to

850"C LiF-BaTiO3 ceramics.
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Replotting these data as inverse diele..tric constant versus temperature reveals Curie-Weiss

behavior, Figure 7. However, the Curie-Weiss behavior departs slightly from linearity. This is

the result of Curie-Weiss behavior from lower temperatures superimposing on the overall dielectric

characteristics of the ceramic. Note that the Curie-Weiss behaviour is very similar for 1.0 wt %

and above. This suggests that a solubility limit has been reached. Also, distinct Curie-Weiss

behavior for the tetragonal-4orthorhombic transitions can be seen for 0.25 and 0.5 wt % LiF. All

of the above dielectric data and the corresponding X-ray diffraction patterns suggest a more

homogeneous LiF distribution exists. The dopants appear to be pinching the three ferroelectric

transitions towards a cubic-.rhombohedral phase transition similar to Ba(SnTi)0 3 systems, as

studied by Isupov et al. 5

With the higher sintering temperature (1 100"C) of LiF-BaMTiC3 ceramics, the corresponding

dielectric properties are very different. Figure 8 shows the variety of dielectric behaviour for

compositions in the range of 0.25 wt % to 2.0 wt % LiF. Important features to be noted with the

1 100"C and 2-hour soak time sintered ceramics are:

(a) Increasing of the dielectric constant maximum with increasing LiF content.

(b) Lowering of the cubic--+ tetragonal Curie transition temperature with increasing LiF

content.

(c) Broadening of the dielectric constant peaks with increasing LiF content.

(d) No evidence of a dielectric constant anomaly corresponding to a pure BaTiO3 phase

within the ceramic.

(e) Broad and high dielectric constant (-8000) close to room temperature for 1.0 and 1.5

wt% LiF compositions. These compositions are potentially useful for various capacitor

applications.

Figure 9 shows the temperature dependence of the dielectric loss for the 1 100C - 2-hour

sintered LiF-BaTiO3 ceramics. These ceramics also show low dielectric loss behaviour.

However, with x-ray diffraction and dielectric constant temperature dependence in the 1000"C

sintered samples, there is an increase in the chemical inhomogeneity at 1 100"C. We believe that

there is an inhomogeneous loss of Li from the ceramic. These chemical inhomogeneities give rise

to a broad dielectric maximum.
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The general trends of the dielectric behaviouw with compositions and sintering conditions in

LiF-BaTiO3 systems are discussed in greater detail in Section 4.0.

3.2. Microstructural Studies of LiF-BaTiO1 Core-Shell Structure.

Transmission electron microscopy (TEM) studies revealed a wide variety of microstructural

features in the 2 wt % LiF-BaTiQ3 ceramics. These microstructural features allow us to

understand the dielectric properties in more detail, explained later in this paper.

Samples sintered at temperatures 850"C and 1100"C reveals that grains exist with (111)

growth twins. This is to be expected in BaTiO3 when fired below the BaTiO3-TiO2 peretetic

temperature of 1320'C, as suggested by Schmelz et al.6 Typical (111) twins are shown in Figure

10(a) from a UF-Ba"i03 ceramic sintered @ 85e'C for 2 hours; the corresponding [I 10] zone axis

diffraction pattern is shown in 10(b). The origin of the (111) twins is believed to be the
intergrowth of topotaxial Ba6Ti170 4O planes according to the work of Krasevec et al.7

The grain boundaries on both 850"C and I 100"C sintered ceramics reveal glassy phases at

the triple junctions and along the grain boundary and is believed to be based on the BaO-Li2O-TiG 2

system. These glassy phase distributions are typical of liquid phase sintered microstructures.
Figure I I shows a micrograph revealing the glassy phase distribution in LiF-BaTiO3 ceramics
sinterrd at 850"C. An additional crystalline second phase of LiTiO2 was identified using both

TEM and X-ray diffraction. These findings agree with previous reported studies by Wu et a;.

(1989).8

No evidence for a core-shell structure exists in LiF-BaTiO 3 ceramics sintered @ I100"C.

As can be noted from X-ray diffraction peak broadening and dielectric properties, chemical
inhomogeneity of Li and/or F still exists but not on a scale comparable to the core-shell ceramics.

A direct chemical analysis using energy-dispersive spectroscopy could not be applied to the LiF-
BaTiO3 ceramics. The BaLa and TiKcL X-ray peaks overlapped and Li and F characteristic X-
rays were not detectable, owing to absorption of low energy X-rays by the detector window.

For low-temperature (850"C) sintered LiF-BaTiO3 ceramics, core-shell structures are

clearly observed. Figure 12 ' shows a core-shell grain structure in a 2 wt , LiF-BaTiO3 ceramic
sintered at 850"C. The cores have a high density of 90" twin domain configurations corresponding

to the tetragonal (4mm) ferroelectric symmetry of BaTiO3. In the core-sheUl grains there is often an

6



associated high density of growth dislocations. Lu et al. suggests that these oislocations may aid

in diffusion and hence aid homogenization of the composition. 3 Heating ,he grains above the
Curie temperature within the TEM causes the ferroelectric domains to disappear. The structure of

the interface between the shell and core is revealed to be semi-coherent with associated

dislocations.

An estimate of misfit, l can be obtained from the Burger rector, •, and interspacing of the

dislocations using equation (9)

lb I6 = -- "

Where D is the interspacing between dislocations ~ 3 x 10i8m and b is the Burger's vector

magnitude. The Burger's vector being b A a(100) predicts for the LiF-BaTiO 3 core-shell structures
a misfit strain, 5 - 1.3% in the high temperature phases. The misfit parameter, 8, is described by:

6 =
ac'

where as k cubic phase lattice parameter of the shell region and ac is cubic phase lattice parameter
of core region BaTiQ 3.10 Armstrong et al.point out that the strain mismatch between thr core and

shell will tend to give a compressive stress to the core regions, which will in turn affect the
dielectric properties. 10 Note that a number of previous authors estimate the strains directly from

selected area measurements of the TEM foils. The validity of such a method is doubtful because
the stress is relieved when producing TEM thin foils. However, estimating the strain from the

misfit dislocations is believed to be free of any stress relaxation effects and may be more

represcntative of the stress from a three-dimensional ceramic in its high temperature phase, i.e.

above 130C.

3.4. Chemical Distribution of LIF in HaTiO1.

Although a direct Energy Dispersive Spectroscopy method to determine compositional

variations was not possible, owing to the Ba and Ti X-ray peaks overlapping and the absorption of

low energy of Li and F characteristic X-rays. There are still a number of conclusions to be inferred

regarding the compositional distribution throughout the microstructure, including the crystal-

chemistry of the structure described below.
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From the dielectric studies presented in Section 3.0, we can infer tihat either Li or F is

entering the ,erovskite BaTiO 3 and causing the shift in paraelecuic-.ferroelectric phase transition

temperatures. This, of course, is also confirmed with the formation of core shell microstructure as

discussed in Section 2.1. The question now arises about which additive, Li and/or F, causes the

dramatic changes in microstructure and dielectric properties. An analytical chemical analysis of the

sintered BaTiO 3-LiF ceramics is given in Table I. This analysis demonstrates that there has been a

volatilization of F gas, and Li has predominantly been absorbed and remains in the BaTiO 3

perovskite structure. This is not consistent with the earlier predictions which suggested that both

Li and F are soluble in BaTiO3 to give a compositional formula. Ba(Til-2 Li,) (O 3.3xF 3 ).8 ,11

Additionally, there does exist indirect evidence that at high pressure, processed BaTi(O3.xF,)

perovskites decompose to BaTiO3 and F gas at 650"C 1. This implies that at temperatures used to

sinter BaTiO 3-LiF ceramics, F would be given off as a gas. Hence, all the evidence suggests Li is

the important dopant in modifying the BaTiO 3 dielectric properties.

Table I.

Chemical Analysis of LiF-BaTiO 3 Ceramics

Sintering BaTiO3 (HPB)
Temperature +0.5 wt % LiF

wt % Li wt % F

700"C/2 hr. 0.11 0.03

800"C/2 hr. 0.10 0.02

900"C/2hr. 0.09 0.02

1000"C/2 hr. 0.07 0.006

1 100"C/2 hr. 0.06 0.003
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4.0 Discussion

Assuming lithium to be the important soluble cation in BaTiO 3 perovskite, we have to

consider its occupancy in the crystal structure. The possibility of an interstitial lithium is an

extremely unlikely situation, owing to the high packing density and the defect energy calculations

by Lewis and Catlow (1983).12 In this study only substitutional solid solutions are debated.

The substition of Li-cations onto the perovskite A-site is unlikely as there is no required

evidence of Li in a twelve-fold coordinated site.

The most likely occupancy.for.LLwith the perovskite structure is the six-fold octahedral B-

site. It is noteworthy that the (Shannon and Prewitt) ionic n'dii for six-fold coordinated lithium is

0.74A, which fits into stable perovskite structures as discussed by Megaw. 13 Since Li ions have a

different valence than that of the titanium ion, substitution by lithium produces a charge inbalance,

that has to be compensated through defect chemistry processes. The occupancy of Li on the Ti4

site constitutes an acceptor doping. These acceptors can be compensated electronically or ionically.

Electronic compensation involves the formation of holes in the valence band and may result in p-

type behavior. Ionic compensation occurs when the acceptor dopant fixes the doubly ionized

oxygen vacancies concentration as shown by Hagemann and Ihrig.14 In BaTiO 3, the latter is

nearly always the case. The net effect of the Li ion substition is to change the electro-neutrality

condition of the defect chemistry, i.e.:

2 [VBa"1 +4 [V1 i""] + p + 3[LiTi'"] = n + 2[V6I is expressed using standard

Kroger-Vink notation.

For ionic compensation at intermediate oxygen pressures and close to stoichiometry, the

electro-neutrality condition reduces to:

3[Li-n"I = 2[V6].

The [LiTi"'I acceptor doping fixes the oxygen vacancy concentration with ionic

compensation. This corresponds to a perovskite compositional formulation:

Ba(Til.xLix) (O3.3xn2V63x/2).



For every Li cation substituting a titanium cation there is an equivalent of one and a half

oxygen vacancies per unit cell. Hence, if Li substitionally occupies the perovskite B-site there is a

corresponding loss of ttania. This is consistent with the discovery of a LiTiO 2 second phase being

produced during the sintering process. In addition, the low dielectric losses measured in the LiF-

BaTiO3 ceramics indirectly suggests that the intrinsic electronic conductivity of the ceramic remains

largely unchanged. The frequency dispersion in Figure 6(b) suggests an ionic conductivity

relaxation mechanism or ionic dipole relaxation. I So both structural and electrical

properties support the assumption of ionic compensation of the lithium substitution for titanium.

Although the chemical analysis suggests that Li is the dominant soluble additive there exists

a possibility of F occupying the anion sublattice. Hence, for completeness we consider the

substitution of F in addition to Li. We recall a donor has an effective positive charge with respect
to the lattice. In this specific case, the F occupies oxygen sites as a singly ionized donor, Fo" in

Kr6ger-Vink notation.

Considering the electro-neutrality condition with acceptor Li occupancy of the B-site and F-
donor occupancy of the anion sublattice we obtain:

n + 2 [VBa"I + 3[LiTi"'] = p + 2[V6] + [Fo'].

When ionically compensated the electro-neutrality condition reduces to:

3[LiTi," = 2[Vol + [F00].

The corresponding general substitutional formula for Li and F in BaTiO3 is then given by:

Ba(Tij-x(LiT-n")x) ((O3.1rA(3x+z))(Fo') •1 f6)(3x12.z2))).

It may be that this is self consistent with the previous formula when assuming the trivial

case of [Li]>>[F] Le. x>>z, as was experimentally determined in the chemical analysis (Table I).
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The two major influences to be considered for explaining the dielectric behaviour in
BaTiO 3 ceramics are traditionally chemical inhomogeneity and internal stresses. Chemical

inhomogeneity has often been regarded as the major source of broad or diffuse phase

transitions in ferroelectrics.

This chemical inhomogeneity can be on a macroscopic scale, demonstrated by
growth striations -10 to -1001.m in ferroelectric tungsten bronze crystals. Microscopic

compositional inhomogeneities are on a submicron scale. This causes the phase transition
temperature and spontaneous polarization to vary from one region or "microvolume" to
another. Traditionally, this type of description has been linked with the relaxor-like

ferroelectrics, e.g. Pb(Mgl/3Nb2/3)O 3, after the work of Smolenskii et al. 15 Recently work

has shown that the original Smolenskii postulates proposed to explain relaxor behaviors are

not valid. 16 ,17 Despite the shortcomings of the Smolenskii model for relaxor ferroelectrics,

we believe the description to be valid for chemical inhomogeneities in systems such as
Ba(Zr,Ti)0 3 , (Ba,Sr)TiO3. 18-19 These are broad phase transition ferroelectrics that do not
have the characteristic dispersive behaviour of dielectric constant and tanS, which determines a

relaxor ferroelectric as described by Cross. 20 Below "',.. show the Smolenskii compositional

inhomogeneity model can be successfully applied to the dielectric properties of LiF-BaTiO 3

ceramic with core-shell structures.

Owing to the connectivity of the respective phases in core-shell ceramics, the

dielectric properties are expected to be dominated by the continuous or semicontinuous shell
region volume fraction. The surrounding shell is believed to have microvolumes of various
compositions and hence various paraelectric-4ferroelectric transition temperatures. Based

upon the observed microstructural and dielectric behaviour, we developed the following

model. The volume fraction of the core can be described with the following dielectric

temperature dependence:

<K(T)> = Kay for 10"C < TS Tc

core 4jLC for T a Tc-25
T'-Tc

The K&y is expected to be similar to that of fine-grain BaTiO 3, owing to the

compressive stresses, i.e. Kay = 4000. We assume the core to be elastically clamped, which

causes the transition to be second order. Therefore, Curie-Weiss temperature coincides with

transition temperature.
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The shell volume fraction is comprised of an inhomogenous distribution of phase

transitions. The general expression for the average dielectric constant of the shell volume

fraction is given by:2 5

<K (T)> = I K -Tc)f( c)dT'c
shell

I f c)dtc
-00

Where f(Tc) is a general distribution function describing the spread of microvolume

Curie points. This is simply taken to be a Gaussian distribution, i.e.:

f(T'c) = exp ([-(T'c-Tm) 2 ]/cL 2)

which is centered on Curie maximum temperature, Tm with a width cc. The dielectric

temperature dependence K(TiTc') of the individual microvolumes is regarded as a second

order phase transition with transition temperature Tc', such that:

K(T,Tc') = K'av for T < V

4AI for T > Tc
T-rT

where C is the Curie constant and T'c is the local Curie temperature of a ferroelectric

microvolume.

These core and shell regions are regarded as the two major contributors to the

dielectric properties of 850"C LiF-BaTiO3 ceramics. With the core-shell structures, there are

both substational series and parallel components to be considered for dielectric mixing.

Hence, the most appropriate mixing law to use is the semi-empirical logarithmic law. The

logarithmic expression for the core-shell ceramic is given by:

log<K(T)> = Vshell log<KC')>shell + Vcore log<KM>co.

12



Computer generated dielectric temperature dependence is based on the above model, as seen in

Figure 14. Good agreement is obtained with the experimentally determined dielectric

dependence found within core-shell structures.

The dielectric behaviour of the 1000"C LiF-BaTiO 3 is the result of an almost

homogeneous compositional substition. Although there is still some finite diffuseness, this is

very much reduced compared to the core-shell ceramics. The transition temperatures of the

various ferroelectric phases converge at a common temperature with LiF contents up to 1.0%

wt%. This gives rise to an enhancement of the dielectric constanL Beyond this, the solubility

limit appears to have been approached within the grains. Further addition of LiF contributes

to a larger volume fraction of grain boundary phase. This glassy phase has a dielectric

constant many orders of magnitude below the BaTiO 3; hence the series mixing of the grain

boundary and grain phases reduces the average the dielectric constant of the ceramic.

As can be inferred from the chemical analysis X-ray diffraction and dielectric

studies, the I 100"C LiF-BaTiO3 ceramic sintered samples have an inhomogeneous

decomposition of the Ba(Til.xL)(03.3x/2V63x/2) composition. This additional

inhomogeneity accounts for the corresponding increase in diffusions in the 1100"C LiF-

BaTiO3 ceramics.

4.0. Summary and Conclusions

The dielectric and microstructural properties have been studied over a wide range of

sintering conditions. A wide range of properties are found to occur owing to a variety of

chemical inhomogeneities present within the ceramic processing.

A shifting of the Curie temperatures is owing to the solubility of lithium on BaTiO3 to

form Ba(Til-xLix)O3. 3xV63x The corresponding dielectric properties were accounted for by
T - ,

using a statistical distribution of ferroelectric transitions. A semi-quantitative analysis was

made for LiF-BaTiO3.sintered at 850"C which possessed a core-shell microstructure. The low

firing temperature of f5OC and the dielectric temperature dependence are very attractive for

X7R capacitor applications.
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Figure 1. Schematic representation of a typical core-shell microstructure

observed in B&TiO3 Composition-
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Figure 2. Dielectric constant of BaTiO 3 with various amount of LiF sintered

at 850"C for 2 hours.

15



7000 o .. 100

TKmax6,000 *\- --a--Tmax -80

1605000 .

t ' 
40

p 4000 ,, "
, "O 20

3000

2000 -20

0.0 0.5 1.0 1.5 2.0

% LIF

Figure 3. Plot of Kmx and Trmg1 vs. wt% of LiF from Figure 2.

16



0.0020

0.0015 2.Owt%
l.Swt%

0.0010 0.5,t%
0.2.5wt%

0.0005

0.00001..

-50 0 50 100 150 200

Temperature (°C)

Figure 4. Curie-Weiss plot of the dielectric behavior exhibited in Figure J,

17



0.05

0.04 '..

0.03 . ". ,

• . • .. N _..
***. °%, ","..

io2O to %o ••

S0.02...• ,". .,, . .

"."'."-. 1.0wt% " ---- ,
0.01 -... 0-. "... 0.5wt% "

0.00 ,

-150 -50 50 150

Temperature (°C)

Figure S. Dielectric loss with temperature for various LiF-fluxed BaTiO 3

sintered at 8S0"C for 2 hours.

18



10000

l.Owt%

8000

.-. . . .* ... wt%

6000 "
. -. 0.25wt%
f2.OwtI6

"4000 . -
• ."

.,. . . ... ." : :
20 0

-150 -50 50 150

Temperature (°C)

Figure 6. Dielectric constant of BaTiO3 with various amount of LiF sintered

at 1000"C.

19



0.0015

!.5w
1.Owt%

0.0010
0.Swt%

0.25wt%

0.005

0.0000

-50 0 50 100 150 200

Temperature (0C)

Figure 7. Curie-Weiss plot of dielectric behavior exhibited in Figure 6.

20



12000

0000 .. 2.Owt%

8000
i..". 0.5wt%

o*". " " " " " ..0.25wt%

.*6

....... ,.,-:,... " .-. o• 4000.... ". .,. .

0 "w I I - a

-50 0 50 100 150

Temperature (0C)

Figure S. Dielectric constant of BaTiO3 with various amount of LiF sintered

at 1100*C for 2 hours.

21



0.05 ,

0.04 ...........
"". ....... 2.Owt%

0.03-'. :~* ,

0.02
.1 Owr.. .5wi%

001 .- 25w, .'
0..

...........

S 0.00 ," .%.

-50 0 50 100 150

Temperature (0 C)

Figure 9. Dielectric loss with temperature for various LiFfluxed BaTiO 3
sintered at 11IOOC for 2 hours.

22



(a)

(b)

Figure 10. (a) TEM micrograph of (111) growth twin presence in the

BaTiO 3 with 2wt% LiF sintered at 850"C for 2 hours.

(b) The corresponding [110] selected area diffraction

pattern of (a).
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Figure 11. TEM micrograph of BaTiO 3 sintered with 2wt% LiF at 850"C for

2 hours, showing glassy phases in the grain boundary regions.
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Figure 12. TEM micrograph showing grain core shell structure of LiF-fluxed

BaTiO3 sintered at 850'C.
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Spatial Variations of Polarization in Ferroelectrics and Related Materials
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Abstrac

Electron microscopy studies in lanthanum doped lead titanate reveals the evolution of a

spatial modulation in the magnitude of the spontaneous polarization with the increase of the

lanthanum dopant. On the incorporation of - 25 atom percent-lanthanum, the conventional domain

structure becomes ill-defined, and tweed microstructures are observed. The structural information

can be associated with the change from normal ferroelectric to diffuse ferroelectric phase transition

behavior. Different from twin structures, these modulated structures represent a new type of

polarization variation existing within a single domain. Further understanding of the observed

spatial variation in polarization requires structural analysis at the atomic scale. Holographic

electron microscopy is proposed as a potential tool to study various polarization gradients in

ferroelectric materials. Understanding the spatial variations in polarization is essential to more

fully comprehend the extrinsic contributions to the elasto-dielectric properties in ferroelectrics.



Introduction

Mesoscopic structures within ferroelectrics and related materials have important
consequences with respect to the macroscopic elasto-dielectric properties. These structures exist
on a scale of a few tens to a few thousands of angstroms and include defect structures within the
lattice as well as the polarization domain structures associated with the ferroic phase transition. In
general, there are two contributions to the elasto-dielectric properties: the intrinsic contribution,
which is related to the ferroelectric (antiferroelectric) atomic structure, and the extrinsic

contribution, which is associated with domains and defects.1 .2 In technologically important
materials, such as Pb(Zr,Ti)0 3 , the extrinsic factors can contribute as much as 70% to the total
elasto-dielectric response (see Figure 1). Therefore, it is necessary to develop a greater
understanding of all the possible defect and polarization mechanisms which could contribute to the
extrinsic elasto-dielectric properties. However, a comprehensive theoretical description of the
extrinsic contributions is currently not in place.

The most common mesoscopic structures associated with ferroelectric and related materials
are domains and domain walls. Domains form at the phase transition and relate the low
temperature phase to the high temperature prototype phase via certain symmetry constraints. In the
example of "normal" first- or second-order ferroelectric transitions, each domain is an area of
uniform polarization, and the boundary which divides two domains (i.e. a twin structure) is known
as the domain wall. The domain wall is a region of distorted crystal structure in which there exists
a spatial transition of the polarization from one orientation state to another.

There are two main types of twin structures. One type is a twin with inversion symmetry of
the polarization but in which the strain is the same in both variants. The second type is a twin of
two variant- with different orientation for both polarization and strain. Ferroelectric twins are
typically of the head to tail configuration. There are reports of other domain configurations, such

as head-to-head types, but these have not been extensively investigated. 3 ,4

The fine structure of the ferroelectric domain walls depends on a number of inter-related
parameters: including the symmetry, temperature, order of the phase transition, spontaneous
polarization, and the electrostrictive and elastic compliances. A number of analytical descriptions
now exist to describe the spatial variation of the order parameter in a ferroelectric domain wal. 5.6.7

However, some of the parameters required by the theory cannot be easily acquired with current
experimental techniques, and so there is a need to develop new experimental methods to study
polarization variations in these materials.

Defects and dopants are known to have a strong influence on the elasto-dielectric properties
of ferroelectrics and related materials. Theoretical treatments of the role of defects near structural
phase transitions are usually restricted to defect densities that are much less than the reciprocal
correlation volume (- 1018 cm-3).8 In the perovskite ferroelectrics of commercial interest, such a
situation is almost never realized.
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This article outlines some of the results observed by diffraction contrast electron
microscopy in perovskite-based ferroelectrics. 10 From these results, and requirements of the
theoretical developments, there is an urgent need to experimentally investigate the polarization
gradients, both within the domain region and in the region of the domain wall. Electron
holography is discussed as a technique potentially capable of quantifying the polarization gradients

in these materials.

Results and Discussion

La-doping in PZT-based Perovskites

Doping in Pb(Zr,Ti)03-based materials by lanthanum is used as a means to soften the
switching characteristics of piezoelectric materials. 11 Additionally, the incorporation of lanthanum
facilitates the fabrication of transparent ceramics for an optoelectronic applications 12 In general,
doping with lanthanum has a significant influence on many of the elasto-dielectric properties. For
sufficiently high levels of doping in Zr-rich PZT compositions, this leads to the observation of
diffuse phase transition behavior having strong dielectric dispersion. Ferroelectrics with this

behavior are generally referred to as relaxors, and are of technological importance owing to their
unique electrostrictive, capacitive, and optoelectronic properties. The domain structures of relaxor
(Pb,La)(Zr,Ti)0 3 (PLZT) ceramics are difficult to study using transmission electron microscopy.
However, by carefully cooling a 8.2(70/30 composition, a microdomain contrast could be detected,

as shown in Figure 2(a). Under the irradiation of the electron beam, the domain structure is
unstable. By agitating the structure through focusing/defocusing the beam, the domain
configuration transforms to a more stable ordered structure, Figure 2(b). It is believed that
thermally induced stresses switch the microdomain structure to a new domain configuration. 13

The end-member of the PZT solid solution, PbTiO3, has the highest transition temperature
(Tc = 490 'C) and the largest strain (c/a -1 - 6.5 %) within the perovskite family. This makes

PbTiO 3 an ideal material to study by transmission electron microscopy. Doping PbTiO3 with

lanthanum (PLT) reduces both the phase transition temperature and the characteristic discontinuity
of the first-order transition. A systematic study of the structural effect of lanthanum on the polar
domain structure in PLT ceramics reveals the development of a strain texture within the normal
domains, Figure 3(a),(b),(c). Using diffraction contrast invisibility conditions, we were able to
deduce that the texture is the result of a non-uniform spontaneous deformation along the c-axis
within the domain. As shown in Figure 3(a), for a sample doped with 1 atom % La, there is no

evidence of a texture. As the lanthanum concentration is increased from between 5 and 10 atom %,
texturing appears, and this becomes progressively more pronounced with increasing dopant
concentration. When the dopant concentration reaches 25 atom %, a normal domain structure is
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not identified, and a full cross-hatched or "tweed" domain structure is observed below the
transition temperature, Fig. 3d. Similar structures have been observed in ferroelastic systems such
as Y Ta2 (CO 0.9Fe 0.0 3)3O7 -5 and Mg- Cordierite.14,15 Inhomogeneous polarization distributions

are not unique to the PLZT system, but also exist in the complex lead Pb(B 'B ")03 perovskite

systems. In these systems, the intermediate scale B-site cation ordering is the source of the

polarization modulation. 16 In order to further our understanding of the polarization variation in
these materials, we need to develop a technique to quantify the polarization gradients and defect

structures. In this regard, the potential of the electron holography technique is discussed below.

Electron HQlography

The idea of using cohere1 -t electrons in electron microscopy was proposed in 1949 by
Gabor in an attempt to extend the limits of electron microscope resolution. 17 However, tLe

realization of electron holography was achieved only in the 1980's owing to the development of a

coherent field-einission electron beam. Commercial instruments for electron holography have been

developed by I litachi Ltd. and Philips but have only recently become available. The principle of
electron holography is similar to that of optical holography, in which the the phase and amplitude

of the electron beam are recorded simultaneously. Because the phase change is much more

sensitive than the amplitude variation, more information can be gathered from holographic images
as compared with conventional and high resolution electron microscopy. There have been a variety
of applications for this new technique starting since 19M2. especially in the study of magnetic

domains and fluxons in superconducting materials. 18

Recently the possibility of using the holography technique to study ferroelectric domain
walls and cther defect structures in ferroelectrics was recognized. Some encouraging results have

been reported on the profiles of domain walls, as shown in Figure 4.19 The kink-like electron
interference fringe pattern closely resembles the space profile of the polarizztion vector across a

domain wall as predicted by the Landau-Ginzburg model.5 .6 Although a complete theoretical

description of the fringe profile in Ref. 18 is not currently available, the fact that the electric field

variation can be probed on a scale less than 1 A is both exciting and promising.

It has been demonstrated that the electron holography technique may also be used to study
the location of a'liovalent dopants inside crystal structures through the perturbed local electric fields.
As shown in Fig. 4a the fringe bifurcations occurred across the domain wall. Potential contour
reveals there are charge centers attracted to the domain wall (see Figure 4b).20 This information

may lead to a significant advance in the understanding of the effect of dopants, and may shed new

light on the study of interactions between the dopant- and domain walls and other polarization

modulations as described above.
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Quantitative study of the polarization profiles can have a significant impact on the
fundamental understanoing of ferroelectrics. Once the relationship between the fringe variation and

the polarization space profile is established, one can obtain the polarization gradient coefficients
through back fitting the observed domain profiles to the theoretical results on domain walls. 7 These
gradient coefficients are a measure of the nonlocal coupling strength. Using lattice dynamics, one

may correlate these gradient coefficients to the dispersion surface near the soft mode of the
paraelectric-ferroelectric phase transition. 2 1 Hence, the electron holography technique, together
with the continuum model described in Ref. 6, can potentially provide a methodology to study the

characteristics of the over damped soft mode in systems such as BaTiO3, which could not be

directly probed through inelastic neutron scattering.
As a new technique, many problems still exist in the electron holography, especially with

regard to the interpretation of the observed fringes. In principle, the total phase shift of high
energy coherent electrons passing through a ferroelectric thin sample may be calculated from the

following equation 22

V(xoyo) = If V(xo,yo,z)dz

where X is the electron wavelength, x, and yo define the point on the thin sample, , is the electron

energy, and V(xo,yo,z) represents the electrical potential experienced by the traveling electrons.
However, V(xoyo,z) represents the total potential, and it is quite difficult to delineate contributions
from the "bound" charges (relevant to the polarization) and the "free" charges (relevant to

compensation). We believe this is the main reason for the inconsistencies encountered in the
current studies of ferroelectrics using electron holography. More theoretical analysis of the
interpretation of the holography results is in order.

Conclusions

Observations by conventional transmission electron microscopy techniques on ferroelectric

and related materials reveal a variety of polarization modulations which can be induced when there
exists coupling of the primary order parameter to symmetry breaking defects. From the evolution
of the modulated structures and domain structures, one can see some link between these

mesoscopic structures and the extrinsic elasto-die'ectric properties.
A new electron-microscopy technique using coherent electrons known as electron

holography opens up opportunities in the study of domain walls and defect structures. In this

technique, phase shifts can be correlated to local variations of the electrost. ,..: field' within
materials. Further development of this new technique in the study of ferroelectrics may help us to
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gain new insight into the mechanisms of extrinsic contributions to the macroscopic elasto-dielectric
properties.
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Figure Captions

Figure 1. Temperature dependance of the dielectric permittivity of doped-PZT ceramics. The

theoretical value from the Landau-Devonshire theory is also shown.

Figure 2. (a) Bright field iniage of liquid nitrogen cooled PLZT 8.2/70/30 relaxor ferroelectric

revealing a microdomain structure. (b) An in situ switched pseudo-domain

structure of (a).

Figure 3 Bright field image of domain structures in a solid solution series

(PbI -3x/2Lax)TiO3 with four different La contents.

Figure 4 An electron hologram of a 900 domain wall in BaTiO3, the fringe bending is related

to the polarization difference across the domain wall (ref. 19).

Figure 5 (a) An electron hologram showing anomalous fringe bifurcations in a 900 domain

wall in BaTiO3. (b) Electron interferogram of the same area of (a) shows charge

defect centers within the wall (courtesy of Drs. D. Joy and X. Zhang).20
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Lead Zirconate Titanate Films on Nickel-Titanium Shape Memory

Alloys: SMARTIES

Jayu (:hen. Qi Chang Xu, Miclhacl Bla.zkicwicz. Richard wM% cr. Jr..* and Rohcrt E Nei 1h,1n

,Materials Rescarch lahorators. The Pcnnt.laiii aljtv I iltevrfit% t' Pllrk. Pvnn.las I'i2j I6102

Thin films or 52/48 PZT have been deposited on Ni-Ti shape If. Preparation and Characterization
memory alloys using a sol-gel spin-on method. Microme-
ter-thick PZT films adhere well to the alloy for strains as Thin filn% of PZT (52148 were coated on a shape rnmors
large as 0.4%, and thev retain their ferroelectric properties alloy toil using a soI-gel spin-on technique. Preparition of the
during repeated cycling through the shape memory films involved the follo-ming processing steps. Lead a'etate tit-

transformation. hydrate %as dissolved in 2-methox,,ethanol at 70('C and
refluxed The water of hydration trom this lead precursor was
distillcd throueh a reflux condenser to facilitate the addition of

I. Introduction mosturc-cnsmive alkoxides of titanium and zirconurm The

SMART MATERIALS have the ability to perform both sensing bIproducts of the reacton ,ere expeled. followig prohoned
Sand actuating functions.' Passivy smart materials, such as refluxing, at 125'C. The solution Awas partially h,,drol', ed. and

a controlled amount of acid.or base %as added as catalsst
varistors and positive temperature coefficient thermistors. Films were fabricated by a nuhtstep spn-on technque. with
respond to external change in a useful manner without assis- p.rolysis at 400°C after each step to remove the organics Films
tance, whereas actively smart materials have a feedback loop were built up to the desired thickness and then crstallized to
which allows them to recognize the change and initiate an obtain the perovskite phase by annealing at temperatures above
appropriate response through an actuator circuit, Applications 500oc.
of actively smart materials include vibration-damping systems The Ni-Ti shape memory alloys were commercially supplied
for outer-space platforms' and electrically controlled automo- tShape Memory Applications. Inc.. Sunnyvale. CA) Square
bile suspension systems using a mullilayer piezoelectric foils. 25 mm x 25 mm x 0. 1 mm. were used in the initial
ceramic as both sensor and actuator.' experiments. The martensite-austenite phase transformation

Poled PZT (PbZ, -.,Ti,O,) ceramics are natural candidates %as at 82°C. Prior to coating with PZT. the foils were cleaned
for applications as smart materials because of their sensitive using consecutive washes of acetone. NHOH. and HCI.
response to weak stresses through the direct piezoelectric effect The hred PZT films were charactenzed by X-ray diffraction.
and their ability to generate powerful forces by means of the All lines were indexed on the perovskite unit cell. c., istent
converse piezoelectric effect. An important advantage of piezo- with single-phase behavior. Scanning electron microscopy
electric actuators is that the strain response to an applied elec- ima2es indicated a grain size of less than I Jim
tnc field ts very fast. often on the order of microseconds. Their The dielectric properties of the PZT thin film were assessed
principal disadvantage is that the magnitude of the strain is in terms of the dielectric constant E, and loss factor tan 6
quite small (<10 '), generating dtsplacements of only a few Dielectric measurements were conducted using an nmpedance
micrometers.' analyzer (Model 4192A. Hewlett-Packard Co , Palo Alto. CA)

Shape memory alloys. on the other hand. develop very sub- at room temperature. Gold electrodes. 0 6 mm in diameter.
slanlial forces and strains of several percent or more, but they were sputtered on the top of the film. The Ni-Tt alloN was used
are very slow because of the long thermal time constants. as the counter electrode. The capacitance spots varied b.• less

By combining shape memory alloys with piezoelectric than 5%. indicating a satisfactory degree of homogeneitl, in the
ceramics we intend to fabricate a family of smart materials properties of the film. The permittivity and loss facior of a
which retain the best characteristics of both types of actuators. 0 6-fLm film were measured over a frequency range from 10
We call these composites "'SMARTIES.'" an acronym for kHz to 10 MHz. The relaxation frequency of the filmwas about
"'Shape Memory Actuators and Regulating Transducers for 2 MHz. which implies that the film has a thin interfacial la.er
Intelligent Electronic Systems." There are a number of ways in but can be used at moderately high frequencies The dielectric
which the alloys and ceramics can be assembled in different constant and loss factor at 10 kHz were about 700 and 0 03.
connectivity patterns' to optimize the actuating and sensing respectively, comparable to that of the bulk ceramics "
functions. In this report, we describe a simple 2-2 composite Ferroelectric hysteresis was examined using a lotp tracer to

in which sol-gel films of PZT are laid down on ribbons of follow the polarization reversal behavior of the films The satu-

Ni-Ti shape memory ailoy. Subsequent papers will describe ration field of a 0.6-tIm PZT film on Nitinol (Nickel-Titanium

SMARTIES with 1-3 connectivity* and strain-amplifying Naval Ordnance Laboratory alloy) was about 100 kVicm %ith a

mechanisms similar to the moonie.a'= remanent polarization value of 15 tiC/cm"_

III. Shape Memory Experiments

Mechanical- and electrical-testing experiments were con-

G N Haething-cofiinbuirngeditof ducted on a second specimen consisting of a PLZT film depos-
ited on Nitinol using the same sol-gel spin-on method. A

-i rhombobedral 6/65/35 PLZT film was fired on Ni-Ti alloy at
M i9.'.9 p A .700°C for IS s to a final thickness of 1.4 tgm. A number of gold
Manuscript No 195566 Received June 24. 1992, approved August 5. 1992 spot electrodes 0.6 mm in diameter were again sputtered on the
Supported by te Electronics Technology and Devices Laboratory under the aus- upper surface of the PLZT. The substrate was a Ni-Ti alloy nb-

pfce$ofihtU.S Army Research Ofce s ScnfiCcri Sbervice2 Program".Member. Amencla Ceramic Society bon 23 mm long. 3 mm wide, and 0 mm thick.
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The objective of this stud6 was to assess the dielectric behav. IV. Summary
ior of the fei-roclectnic film as the metal substrate underwent its Thin films of PZT and PUZT have been successfully grossn
shipe memory cycle First. the SMARTIE composite film Aa on %hape memory, allo) substrates with both the fcrrrs)lectlrtc
exantined under an optical microscope and its electincal proper- and the shape memory alloy retaining their useful properties~
ties meas~ured The dielectric constant at 5(X) Hz was 1160 and Measurements of the piezoelectine propenties are in progress
the loss tangent was 0.02. The hysteresis loop obtumncd with a and we expect to develop a family of ,mart composites. tWo-
Sawyer-Tower circuit gave a remnant polarization of 36 7 stage actuators, and tunable transducer%' from these btlawer

l.imverv, close to the bulk value of 34.8 p.C/cm'-' The SMARTIES.
coerctve field of 19 7 LV'cm was only slightly larger than the
reported bulk value of 8.7 kVlcm. Acknowlegments: we wtisi it, thank Ms Shwkoa Nus'hikiwa ainJ

Next. the composite film sas bent around a 15cm-diarreter Drs L El CrossandArhur Blato forawhcptul di'.&u~s~ii

mandrel corresponding to an elongation of 0.4%7. The Rererences
SMARTIE film was then heated on a hot plate to a temperature 'R El NeA~nham arnd G R Riuaahau. *Sntur EiectrtK,,:ranii,cs J Am
abuse the X(20C martensitc-austenitic phase trans formaltion of C,'raim Six .74 f I .Ud-Kii ~i t

the shape memory alloy. causing it to revert back to the original 'S Burke and i El Huhhard 'Ao,1ie % itw..r,,n Co'ntrolt a~ Samrakl Sur,

flat shape- No change in the adhering PUZT film was obs~erved 7.ait Bai -- t)'0n 4144X71 iiehid o~c~e~IAE(anra Sas,

under microscopic examinitton. The electrical properties were 41 TsuLa_ ) Nakorna,m ind V ).-aokaasa. A Nc% Elconinana. C-,niraticd So,*
reoeasre an rtitind uchnee. fvnion Ising Pic f tw cL tn( Cerranu,w pr,:wnicd i ilF-LitLwrkahaap aant;rencaure id rnwne unhaced 1twitafk.Appiisaiians in Tran~partscaain t$Ai

Considerable cracking % wa% obsaerved wh ten ii~reti 'K U,:hairk. Pse:,a4,4 ir,. 14', ira auri aii Aa Iajarodiatunt %l atij Puhfi.'hcr,
rxsite ýwias bent around a I 9-crn-diametcr mandrel. equisalent Tak~.Japan. t'J~h

ott)5'4Numeousfracure cased he lectt~J to ..hks.Shirv N.Mcn Attar S, a Am -241. 15a t7'Jito a %train ol054 ueosfatrs asdteeeitl o ' E Newnhain. D P Skirnnwr .end L. E Croass, 'Cannvctig~ii anJ lie/iiaa
Iitt off the surface, and even after the substrate wkas heated hack elcon, Corn.i~it:7 .4harr~ Rra Bull t3. ';2- It tJ7xi

to its oniginal shape. cracking was' still evident and the open- Q C Nu. S NoaishLa~. J R 8stsaa.L. and R E Newnhani_ Piea..icajna
Cornrpi'aek viih High Svrsitiits.c and Hig~h ( apkaimc.. foir L. a Ji F1,h Pre-sc~ircuit iondition remained %uc. IEFE T~rans Lirtaisain Frraaif,twir ~teq Caariira'. tLFR -38 161

Similar mechanical bchasior %%as observed for the PZT films 6 1i3.O1199 i)
the~~~~~~~~~~ )hp .lmraal~Bt 'pso ~i ee K" Sugiaraai. K Onailuka. S Na'.haia'.j. Q \ut R El Nitrhaim .anajdeposited tin th hp imj lo ot N, fflswr chinia. S1lewi-Ceramic~ Coamps,-ae -\sJitttara. I Am (erum Six -75 J41

deposited on films in Ahich the major axts of the ribbon was qwiift 192
perpendicular to the rolling direction oif the shape memory 'R Buchanan tEJl ). Crraemia faWtaiuiaI,- 1.1r a, irwi, i., p iK4 kMartaj 0s'k

Let. Ne. YorkL. 11J96allo~ The tesure of the Ni-Ti alloy surfaces adsersely affected ZEl Ne..nhim. "Tunable Transdukem Naonlimsar Phenaarnsn in Leoruo-
the mechanical strength of the ferroeilectric films. ccar-imw.-MS7TSpir Pubt 384. Z tq,2I 41Ii
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Metal-Ceramic Composite Actuators

Yutaka Sugawara, Katsuhiko Onitsuka,* Shoko Yoshikawa,* Qichang Xu,
Robert E. Newnham,* and Kenji Uchino*

Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

A new type of actuator composed of metal (brass) end caps and Therefore, in the Moonie structure, the axial displacement
piezoelectric ceramics has been developed as a displacement comes from two different sources. One is the longitudinal dis-
transducer. Shallow cavities positioned between the metal caps placement of the ceramic itself through d 33; the other is the
and the central ceramic disk convert and amplify the radial flextensional motion of the metal arising from the radial mo-
displacement or the piezoelectric ceramic into a large axial tion of the ceramic and d3 l. The two contributions add to-
motion of the metal end caps. Large d33 coefficients exceeding gether to give unusually large displacements which can be
2500 pC/N are obtained with the composite actuators. The described by an effective d 33 coefficient.
behavior of the electrically induced strain with geometric vari- The d 33 coefficient relates strain and electric field in the pol-
ables, such as the thickness of the metal end caps, and with ing direction and is often used to compare different piezoelec-
pressing force and driving frequency has been evaluated. Size- tric materials. In a weak piezoelectric, such as quartz, d33 is
able strains are obtained with'both' PZT (piezoelectric lead approximately I pC/N, and is about an order of magnitude
zirconate titanate) and PMN (electrostrictive lead magnesium smaller than an average piezoelectric, such as poly(vinylidene
niobate) ceramics. {Key words: actuator, ceramic-metal sys- fluoride). Strong piezoelectrics, such as BaTiO3 or PZT have
tems, piezoelectric properties, strain, geometry.] piezoelectric coefficients larger than 100 pC/N. Effective d53

values in excess of 1000 pC/N are obtained for the composite

1. Introduction structures reported in this paper.

N RECENT years, piezoelectric and electrostrictive ceramics Ill. Sample Preparation and Measurement Technique
have been used as displacement transducers, precision micro-

positioners, and in many other actuator applications.' An im- The initial objective of the research was to make an actua-
portant drawback to these devices, however, is the fact that tor capable of very large displacements, and to evaluate its per-
the magnitude of strain in piezoelectric ceramics is limited to formance under dc and ac drive.
about 0.1%. Magnification mechanisms have, therefore, been The composite actuators were made from electroded PZT
developed to produce sizeable displacements at low voltages. 5A disks (11 mm in diameter and 1 mm thick) and br-ss end
The two most common types are the multilayer ceramic ac- caps (13 mm in diameter and thicknesses ranging from 0.4 to
tuator with internal electrodes and the cantilevered bimorph 3 mm). Shallow cavities 6 mm in diameter and 150 jim center
actuator. The moltilayer actuator produces a large force at low depth were machined into the inner surface of each brass cap.
voltages, but large displacements are not obtained. Bimorphs, The PZT disk and the end caps were bonded around the cir-
on the other hand, produce large displacements up to hun- cumference, taking special care not to fill the cavity or short
dreds of micrometers, but the forces are very small. Therefore, circuit the ceramic electrodes. Silver foil (25 Aim thickness)
there is a need for another type of magnification giving and silver paste were used as bonding materials. The compos-
sizeable displacement with sufficient force to conduct actua- ite was heated to 600'C under stress to solidify the bond. After
tor applications. cooling, the actuator was encapsulated around the circumfer-

A cross section of a newly patented ceramic-metal compos- ence in epoxy resin (Spurrs) followed by curing at 70°C for
ite: is shown in Fig. I. It is called the "Moonie" because of the 12 h. Electrodes were attached to the brass end caps and the
moon-shaped spaces between the metal end caps and the ceramic was poled at 2.5 MV/m for 15 min in an oil bath held
piezoelectric ceramic. Originally, this composite was designed at 120TC.
as a hydrophone, and the hydrostatic piezoelectric properties The direct piezoelectric coefficient was measured at a fre-
were reported elsewhere.' quency of 100 Hz using a d3 i meter (Berlincourt, Channel

Referring to Fig. 1. the radial motion of the piezoelectric Products, Inc., Chesterland, OH). The converse piezoelectric
ceramic is converted into a flextensional motion in the metal coefficient of the ceramic was determined with a laser inter-
end caps. As a result, a large displacement is obtained in the
direction perpendicular to the ceramic disk. This is the basic
principle of the composite actuator described in this paper. X3

11. Effective Piezoelectric Coefficient silver
Orass end copjs electrodes Cavityl

Poled PZT (Pb(ZrTi)O3) ceramics are strongly piezoelec- , I I C

tric.4 Under an applied electric field, the ceramic expands lon- +
gitudinally through di3 and contracts transversely through d4l. ,

G. H. Haertling-contribuing editor

Manuscript No. 196210. Received eMcember 19. 1991t approved Febru- Metal bonding
ary 6. 1992

"*Member. American Ceramic Society. Fig. 1. Composite Moonie actuator.
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3000 100 5

d33 f r E=lOkV/cm
ao. ;ao,(-••...e.0 • = ~~Vc

s . E

0 oU 2
1000 U

.40 c

0 - 20
0 1 2 3 4 0 ,

0.0 1.0 2.0 3.0
Brass Thickness (mm)

Brass i hlckness (rmm)
Fig. 2. Resonance frequency (f,) and d), coefficient plotted as a

function of the thickness of the brass end caps. Fig. 4. Maximum displacement plotted as a function of brass
thickness.

ferometer. Displacements of the composite actuator were
measured by a linear-voltage differential transducer (LVDT) breakdown field of PZT. The largest displacments were ob-
having a resolution of approximately 0.05 gm. The effective tained with actuators having thin end caps. By loading the
d 33 coefficient of the composite was obtained by dividing the actuators with weights it was demonstrated that even thin end
strain by the applied electric field. In comparing the resulting caps are capable of exerting forces in excess of 2 kgf.
d13 with that of a ceramic, it was important to use the total A few experiments have also been conducted with actuators
thickness of the composite in calculating the field-induced incorporating PMN (lead magnesium niobate) ceramics. PMN
strain. Resonant frequencies were obtained with a low- does not need to be poled because it utilizes the electr, ýtric-
frequency impedance analyzer (Model No. 4192A, Hewlett- tive effect rather than piezoelectricity. As shown in Fig. 5.
Packard Co., Palo Alto, CA). displacements as large as 10 Am are obtained with PMN and

brass end caps 0.4 mm thick. Corresponding c.irves for the

IV. Experimental Results composite containing PZT, and for the uncapped PZT and

Figure 2 shows the d 33 coefficient and resonant frequency
plotted as a function of the brass thickness. As expected, 14
thinner end caps flexed easier, resulting in larger piezoelectric PMN composite
coefficients. The d1 . values were measured at the center of the 12•
brass end caps using the Berlincourt d3, meter. Values as high E *
as 2500 pC/N, approximately 5 times that of PZT SA, were 10
obtained with the Moonie actuator. A spectrum analyzer was
used to measure the fundamental flextensional resonant fre- 8
quency. The resonant frequency decreased rapidly with de- m
creased brass thickness, dropping to less than 20 kHz for a - 6c o

thickness of 0.4 mm. - *
Piezoelectric effects are largest near the center of the trans- R 4 - .

ducer where the flexural motion is largest. The d1 values meas- *PMN
ured as a function of position with a Berlincourt d.1, meter are 2 -
shown in Fig. 3. Plots are shown for two brass thicknesses of2 PZT
0.4 and 3.0 mm. Ample working areas of several square milli- 0 1 1 .
meters are obtained with the actuators. 0 200 400 600 800 1000

Maximum displacements obtained with the Moonie actua-
tors are shown in Fig. 4. The values were recorded with the Voltage (V)

LVDT system and a field of I MV/m, which is well below the Fig. 5. Dis lacements measured for composite actuators driven
by PZT and ;MN ceramics. Displacement for the uncapped ceram-
ics are shown for comparison.

3000
0.4mm

2000-

1000-
el.0.

-10 05 0

position (mm) ... . . .

Fig. 3. Positional dependence of the d,, coefficient for two actua-
tors with brass thickness of 0.4 and 3.0 mm. Fig. 6. Illustration of stacked composite.
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PMN ceramics, are shown in Fig. 5 as well. The composites displacements can b- obtained using multi-Moonie stacks
produce a strain amplification of about 5 times. (Fig. 6).

V. Conclusions Rerertnces
'K. Uchino, PiezoelectriclElecrrostrsctive Actuators. Morikita Publishers.

A new type of actuator has been constructed from piezoelec- Tokyo. Japan, !986.

tric PZT ceramics bo~ided to metal end caps. Shallow spaces 
2R.E. Newnham and Q.C Xu. "Translormed Stress Direction Acoustic

Transducer" (to The Pennsylvania Research Corporation), U.S. Pat. No.under the end caps produce substantial increases in strain by 4999819. March 12, 1991,

combining the d 33 and d3 j contributions of the ceramic. Even 'Q. C, Xu. J. Belsick. S. Yoshikawa, TT. Srunivasan. and R. E. Newnham,

larger displaccinents are obtained using PMN electrostrictive "Piezoelectric Composites with High Sensitivity and High Capacitance for

ceramics. Further improvements in actuator performanc e Use at High Pressures." IEEE Transactions on UItrasonics. Ferrolectra.cs, and
Frequency '-.,rol, 38 161 (.34-39 (1991).

expected using improved materials and design. Drt\, .. g Ili. Jaffe. W. Cook, and B. Jaffe. Piezoelectrrc Ceramic. Academic Press.

voltages can be reduced using multilayer ceramics, and larger New York, 1971. C0
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CERAMIC-METAL COMPOSITE ACTUATOR

Q.C. XU, A. DOGAN, J. TRESSLER, S. YOSHIKAWA,
and R. E. NEWNHAM
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

ABSTRACT

The main objective of this work was to develop a new type of actuator. It
consists of a piezoelectric ceramic disk or multilayer stack and two metal end
plates with a crescent-shaped cavity on the-innersurface.. The plates are used as
mechanical transformers for convening and amplifying the lateral displacement
of the ceramic into a large axial motion in the plates. Both d31 and d33
contribute to the axial displacement. Sizeable strains were obtained with both
PZT-metal and PMN-metal actuators. Displacement amplification principle,
fabrication, and measurement results are presented.

INTRODUCTION

In recent years. piezoelectric and electrostrictive ceramics have been used in

many actuator applications. The two most common types of actuator are a

multilayer ceramic actuator with internal electrodes and a cantilevered bimorph

actuator[l1. A frame structure for displacement amplifier in impact printer head

has also been developed using piezoelectric multilayer actuators [21.

This paper describes a new type of ceramic-metal composite actuator which

is based on the concept of a flextensional transducer[3]. The ceramic is excited in an

extensional mode and the metal plates in a flexure mode. The metal plates are used

as a mechanical transformer for transforming the high mechanical impedance of the

ceramic to the low mechanical impedance of the load. Therefore, a large effective

piezoelectric coefficient. d33. exceeding 4000 pC/N as well as a hydrostatic

piezoelectric coefficient d1h, exceeding 800 pC/N can be obtained from a single PZT

disk-metal (brass) composi*te[ 4 1.



[RINCIPLE

The extensional mode of the piezoelectric ceramic element is characterized

by a large generated force, a high electromechanical coupling, a high resonant

frequency, and a small displacement. Often it is desirable to use a compact structure
to magnify the displacement of the ceramic element. Figure I shows the basic
configuration of the ceramic-metal composite actuator. The ceramic element can
either be a piezoelectric ceramic or an electrostrictive ceramic with single layer or

multilayer. Low driving voltages can be used for the multilayer ceramic element.
The electrostrictive ceramic is expected to reduce hysteresis as well as exhibit a

nonlinear relationship between the voltage and the displacement.

d

"-4
m, metal

1/

DondTnq

FIGURE 1. The geometry of the composite.

The "Moonie" metal plates are used as displacement magnifiers. The

relationship between the displacement of the metals and the geometry of the metals
and the ceramic is explained below. For simplicity, consider a curved beam with

small curvature bonded to a ceramic bar (Figure 2). According to elastic theory [5],
the bending moment M under an electroactive force from the ceramic is as eq. (1):

222 22 b
-Td(b -a) .4a b (in-)

M = a j
2 2()

4 [ -a Ob2_nbbinr+a i n +b -a 2

2 a b r

The electroactive force will be transmitted to the Moonie metal. The stress in

the metal is:
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metal

FIGURE 2. Simplified model for displacement magnification.

TE= 3YA (2)
A .

where d = piezoelectric strain coefficient of the ceramic,
E3 = electric field in the ceramic,
Yc = Young's modulus of the ceramic,
Ac, Am = cross sectional area of the ceramic and metal, respectively,

and r - a - b.

The normal displacement of the metal produced by the piezoelectric effect of

the ceramic is:

2 3p dYcd, V (3)
2 Ymlm 4 hmYme

hm = thickness of the metal
Ym = Young's modulus of the metal
V = applied voltage
lm = moment of inertia of the metal



d UPi 3 dYc dc
'33 V 4h Y e

eff m (4)

For the electrostrictive effect:

T=QE E YcAc(5T cE- ~(5)
A..

Q = electrostrictive coefficient of the ceramic
E = permittivity

The displacement of the metal by the electrostrictive effect is then:

U,= Qe Yd, V (6)
4 hmhcYm0

The transverse displacement at the end of the ceramic bar is:

5=dV L_
h,

and the displacement conversion ratio is:

U- 3 d, Y. hý
4 LO Ym hm (7)

Equations (3) and (6) explain how the normal displacement U of the metal is

related to the transverse piezoelectric or electrostrictive effect of the ceramic. The

total displacement is the sum of the displacement described above and the

displacement due to longitudinal effects.

The lowest resonant frequency of the actuator is a flextensional mode which

is determined mainly by the stiffness of the ceramic in a planar mode and the

equivalent mass of the metal plate. The equivalent mass is much larger than the real

mass of the metal plate because the vibration velocity of the metal part is much
larger than the reference velocity of the PZT. The equivalent mass is
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Lt 2 2

f2 pibhiJ () dX 2 2 2

Me= -Mm deYJt:
1 622 2222

Mm = pmVm = Pm bhmL.

When the hc/hm ratio is high and km << kc,

the resonant frequency of the lowest flextensional mode is:

2n : (M + M1(ke+ k,, 4 V 1+(22 - IfM

-1 2 2 2
2 M4cYrh4d

=ccJnd 2 2 f, (8)
L 0 Yna=

The Me is much larger than the real mass of the metal.

Here kc =stiffness of ceramic
km =stiffness of metal plate
fc =resonant frequency of planar mode of the ceramic itself.

fc-=

From equation (8) the lowest flextensional frequency fft is proportional to -1iim.

SAMPLE PREPARATION

The composite actuators were made from electroded PZT5A or PMN-PT

ceramic disks (11 mm in diameter and 1 mm thick) and brass end caps (from 11
mm to 13 mm in diameter-with thicknesses ranging from 0.2 to 3 mi). Shallow

cavities from 6 mm to 8.5 mm in diameter and about 150 pm center depth were



machined into the inner surface of each brass cap. The ceramic disk and the end

caps were bonded around the circumference, taking care not to fill the cavity or short

circuit the ceramic electrodes. Three kinds of bonding materials have been utilized:

1. Silver foil (25 um thickness) and silver paste bonding.

This composite was heated to 600"C under stress to solidify the bond. After

cooling, the actuator was encapsulated using Spurr's epoxy resin, followed by

curing at 70"C for 12 hours. Electrodes were attached to the brass end caps and the

PZT ceramic was poled at 2.5 MV/m for 15 minutes in an oil beth held at 120"C.

2. Pb-Sn-Ag Solder Bonding.

The PMN-PT or poled PZT and the brass end caps with the Pb-Sn-Ag

solder ring (thickness 50 pm) were heated to 190"C under pressure.After cooling,

the composite was encapsulated using epoxy resin.

3. Epoxy Resin Bonding.

The brass end caps and the ceramic were bonded by Emerson & Cuming

epoxy resin around the rim at room temperature.

An electrostrictive actuator was made from a multilayer ceramic stack and a

brass beam and bonded to the Moonie inner surface with an epoxy (Figure 3). This

composite demonstrates that a sizeable displacement can be produced under low

driving voltage using a multilayer ceramic stack.

EXPERIMENT RESULTS

The displacement of the composite actuator in the low frequency range was

measured with a Linear Voltage Differential Transducer (LVDT) having a resolution

of approximately 0.05 pm. The direct piezoelectric coefficient d33 was measured at

a frequency of 100 Hz using a Berlincourt d33 meter. The displacement-frequency

dependence was measured with a double beam laser interferometer.
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Resonant frequencies were obtained with a Hewlett-Packard Spectrum Analyzer

(HP-3585A) or Network Analyzer (HP-3577A).

VLrm

P,-hr n

bonding

rr"multilayer

FIGURE 3. Another type of ceramic-metal composite

actuator with multilayered ceramic part.

1. Displacement Measurement

Figure 4 shows the displacements versus electric field curves for composite

actuators driven by PZT and PMN ceramics. Displacements for the uncapped

ceramics are shown for comparison. PMN does not need to be poled because it
utilizes the electrostrictive effect rather than piezoelectricity. Dimensions of the
PMN composite sample in Figure 6 are as follows: d=13 mm, dp=-I m mm, h=150
Pm. dc= 6 mm, hp=l mm, and hm=0.4 mm. The dimensions of the PZT

composite-I sample are: d=dp=ll mm, h=50 pm, dc=7 mm, hp-I mm, and
hm=0.5 mm. Both of the uncapped PZT and PMN ceramics have the same size,

dp= I mm and hp=l mm. The experimental results show that the composites

produce a strain amplification of about 10 times. A displacement of about 10 pm

can be obtained under a field of I kV/mm. By loading these actuators with weights.

it is capable of exerting forces in excess of 2 kgf.
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FIGURE 4. Displacements measured for composite actuators driven by
PZT and PMN ceramics. Displacement for the uncapped
ceramics are shown for comparison.

As shown in Equation 3 and Equation 6, the displacement amplification is
dependent on the thickness of metal hm and cavity diameter dc. The sample PZT

composite-2 with dimensions d=dp= I I mm, hp= I mm, h=200 pm, hm=0.3 mm,

and dc=8.5 mm exhibits sizeable displacements - as large as 20 pm with a force

capability of 0.15 kgf (see Figure 5).

iI ,
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0
0 2 4 , a' 10 12

Electric Field ( z1 V/amm)

FIGURE 5. Displacement vs. field curves under different exerty forces
for the sample PZT composite-2.
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The 124 layer electrostrictive composite actuator shown in Figure 3 gave the

displacement exhibited in Figure 6. More than 15 pm displacement can be obtained

under an applied voltage of 150V. Notice that this experimental result is obtained

with only one metal end-cap on the ceramic stack. If the convex or concave metal

end-caps are placed on both sides of the ceramic stack, more than 30 prm

displacement will be obtained under the applied voltage of 150V. Displacements for

the uncapped multilayer ceramic in the same direction are shown for comparison.

The lowest flextensional resonant frequency for the composite is 6.4 kHz.

APPa VOlia V

FIGURE 6. Displacement with increase in applied voltage of the
multilayer ceramic-metal composite actuator using an
electrostrictive ceramic stack and a brass end cap.

2. Thickness Dependence

Figure 7 shows the effective d33 coefficient and resonant frequency plotted

as a function of the brass thickness. As expected in Eq. (4) and Eq. (8), the

effective d33 is proportional to 1/hm and the lowest resonant frequency is

proportional to -4Tm. The d33 values were measured at the center of the brass end

caps using a Berlincourt d33 meter. Values as high as 4000 pC/N. approximately

10 times that of PZT5A, were obtained with the Moonie actuator.
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FIGURE 7. Resonance frequency fr and d 33 coefficient plotted as
a function of the thickness of the brass endcaps.

Piezoelectric effects are largest near tie center of the transducer where the

flexural motion is largest. The effective values measured as a function of position

with a Berlincourt meter are shown in Figure 8. Plots are shown for two brass

thicknesses of 0.4 and 3.0 mm. Ample working areas of several mm 2 are obtained

with the actuators.

0.4 mm

10@

" 3.0 ,.

• tS -I 1 II

posion (am)

FIGURE 8. Positional dependance of the d33 coefficient for two
actuators with brass thicknesses of 0.4mm and 3.0mm.
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3. Resonant Frequency-Temperature Dependence

The lowest flextensional frequency of the PZT-brass composite with Pb-Sn-
Ag solder bond and without epoxy encapsulation decreases with temperature as
shown in Figure 9. This is probably due to the high stress in the PZT ceramic
arising from thermal stresses set up by the metal.
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FIGURE 9. Resonance frequency vs. Temperature

4. Electrode Effect

Figure 10 shows the effective piezoelectric d33 coefficient of the composite

increases with electrode area of PZT. This means that all the PZT is contributing

uniformly to the displacement.

".Ceep

Keeping a field of 1 kV/mm on the composite sample with epoxy bonding

for two hours, no displacement change was observed by LVDT measurement (see

Figure 11) after one hour,
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FIGURE 10. Effective d33 vs. electrode area of ceramic.
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CONCLUSIONS

A new type of actuator has been constructed from piezoelectric PZT
ceramics bonded to metal end caps. Shallow spaces under the end caps produce
substantial increases in strain by combining the d33 and d3 1 contributions of the
ceramic. Even larger displacements were obtained using PMN electrostrictive
ceramics.

The displacement is inversely proportional to the metal thickness.
The displacement is proportional to the area of the driving ceramic.
The creep under I kV/mm is very small after one hour.
The lowest resonant frequency is proportional to the square root of tb', metal

thickness.

Further improvements in actuator performance are expected using improved
materials and design. Driving voltages can be reduced using multilayer ceramics,
and larger displacements can be obtained usir g multimoonie stacks (Figure 12).

FIGURE 12. tllustration of stacked composite.
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